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THROMBUS MANAGEMENT AND STRUCTURAL COMPLIANCE FEATURES
FORPROSTHETIC HEART VALVES

{ross-Reference to Related Applications

{1681} This application is a continuation-in-part of U.S. Patent Application No.
14/155,535, filed January 15, 2014, and claims priority to and the benefit of US, Provisional
Application No. 61/839,237, filed June 25, 2013 and 11.S. Provisional Application No.
61/840,313, filed June 27, 2013. The disclosures of the forcgoing applications are

incorporated herein by reference in their entivety.

Background

{16862} Prosthetic heart valves, including those for insertion mnto atrigventricular valves
{tricuspid and voiral valves) are susceptible to varnious problems, focluding problems with
insufficient articulation and sealing of the valve within the native valve annulus, pulmonary
ederna due to poor afrial draivage, perivalvular leaking around the install prosthetic valve,
lack of a good fit for the prosthetic valve within the native valve annulus, atrial tissue erosion,
excess wear on the Nitinol structures, interforence with the aorta at the posterior side of the
mitral annulus, lack of customization, and thrombus formation, to name a few. Accordingly,

there 1s still a noed for a prosthetic heart valve that can address some or all of these problems.

Summary
{1683} A prosthetic heart valve can include an ounter support assembly, an inner valve

asserobly, which define between them an anoular space, and a pocket closure that boonds the
annular space to form a pocket in which thrombus can be formed and retained. A prosthetic
heart valve can alternatively, or additionally, melude an outer support asserably and an juner
valve assembly, coupled at the ventricle ends of the outer support assembly and the inner
valve asserably, with the outer support asscrably being relatively more corapliant in hoop
compression in a central, annulus portion thau at the ventricle end, so that the prosthetic valve
can seat sccurcly in the anmulus while imposing roinimal loads on the inner valve assembly

that could degrade the performance of the valve leaflets.
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Brief Description of the Drawings

{16384} FIGs. TA and 1B are schematic perspective and side cross sectional views of a

prosthetic heart valve according to an embodiment,

{1065} FIGs. 2A-C are schematic views of an wnper valve assembly of the prosthetic heart

valve of FIGs. 1A and 1B.
{1686} FIG. 3 18 a top view of a prosthetic heart valve according to another embaodiment.
{1667} FIG. 4 18 a top view of a prosthetic heart valve according to another embaodiment.

{1608} FIG. 5 s a perspective side view of a portion of a prosthetic heart valve according

to another embodiment.

{1069} FIG. 6 is an exploded view of a prosthetic heart valve system according to another
embodiment,
[1619] FIGs. 7-9 are front, bottom, and top views of a prosthetic heart valve according to

another embodiment.

{1811} FIG. 10 1s an opened and flatiened view of the inner frame of the valve of FIGs, 7-

9, in an unexpanded configuration.

{1612} FiGs. 11 and 12 are side and bottorn views, respectively, of the inner frame of

FIG. 10 10 an expanded configuration.

nr
I
I

{1813] FIG. 13 18 an opened and flattened view of the outer frame of the valve of FiGs.

9, 1n an uncxpanded configuration.

{1014} FiGs. 14 and 15 are side and top views, respectively, of the outer frame of FIG. 13

in an expanded configuration.

{1415] FIGs. 16-18 are side, front, and top views of an asserbly of the inner frame of

FiGs. 10-12 and the outer frame of FiGs. 13-15.

{1816} FIG. 19 18 a plan view of a fabric pattern for the inner and outer coverings of the

outer frame asserably of the valve of F1Gs. 7-9.

]
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(18171 FIG. 20 15 a plan view of a fabric pattern for the leaflets and outer covering of the

inner valve asserably of the valve of FiGs. 7-9.

{10185} FiGs, 21 and 22 are schematic perspective and side cross sectional views of a

prosthetic heart valve according to another embodiment.

{1619} FiGs. 23-25 are top and perspective views of a prosthetic heart valve according to

another embodiment.

{1626] FIG. 26 15 an exploded view of a prosthetic heart valve system according to

another embodiment.

11621} FIGs. 27 and 28 are schewatic perspective and side cross sectional views of a

prosthetic heart valve according to another embodiment.

{18221 FIGs. 29A-D are schomatic illustrations of stiffness profiles of a prosthetic heart

valve according to another embodiment.

Detailed Description

{1623} A schematic representation of a prosthetic heart valve 100 s shown in FiGs. 1A
and 1B. Prosthetic heart valve 100 s designed to replace a damaged or discased native heart
valve such as a mitral valve. Valve 100 includes an outer frame assembly 110 and an funer

valve asserably 140 coupled to the outer frame assembly.

{1624} Although mnot scparately shown in the schematic tllustration of outer frame
asserbly 110 in FIGs. 1A and 1B, outer fame assembly 110 may be formed of an outer frame
120, covered on all or a portion of its outer face with an outer covering 130, and covered on

all or a portion of its wmner face by an inner covering 132,

{1025] QOuter framse 120 can provide several functions for prosthetic heart valve 100,
including serving as the primary structure, as anchoring mechanism and/or an attachment
point for a scparate anchoring mechamism to anchor the valve to the native heart valve
apparatus, a support to carry inner valve assembly 140, and/or a seal to inhibit paravalvular

icakage between prosthetic heart valve 100 and the native heart valve apparatus.

()
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{1626} Outer frame 126 is preferably formed so that it can be deformed (compressed
and/or expanded) and, when released, return to s onginal (undeformed) shape. To achieve
this, outer frame 120 is preferably formed of materials, such as metals or plastics, that have
shape memory propertics. With regards to metals, Nitinol® has been found to be especially
useful since it can be processed to be austenitic, martensitic or super elastic. Other shape

remory alloys, such as Cu-Zn-Al-Ni alloys, and Cu-Al-Ni alloys, roay be used.

{16271 Quter frame 120 15 preferably formed from a laser cut, thin-walled tube of
Nitinol”. The laser cuts form regular cutouts in the thin Nitinol® tube. The tube can be
expanded radially, placed on a mold or mandrel of the desired shape, heated to the
martensitic temperature, and quenched. The treatment of the frame in this manner will form
an open lattice frame structure, and may have a flared end or cuff at the atrium end portion
126 of outer fraroe 120, Outer framce 120 thus has shape woemory properties and will readily
revert to the memory shape at the calibrated temperature. Alternatively, outer frame 120 may

be constructed from braided wire or other suitable material.

{1028} Toner valve assembly 140 18 shown schematically in more detail in F1Gs, 2A-2C.
{nner valve asserbly 140 can include an inner frame 150, an outer covering 160, and leaflets
170, In the simplified form shown schematically in FIG. 2ZA, mner frame 150 includes six
axtal posts or frame members that support outer covering 160 and leaflets 170, Leaflets 170
are attached along three of the posts, shown as commissure posts 152 in FIG. 2A, and outer
covering 160 1s attached to the other three posts, 154 m FIG. 2A, and optiovally fo
commissure posts 152, In the simplified form ilhustrated schematically in FIG. 2ZA, each of
outer covering 160 and leaflets 170 are formed of approximately rectangolar sheets of
material, which are joined together at their upper, or atrium end.  The lower, ventnicle end of
outer covering 160 may be joined to inner covering 132 of outer frame assembly 110 (not
shown i FIG. 2A), and the lower, ventricle end of leaflets 170 may form free edges, though

coupled to the lower ends of conumissure posts 152

(1629} As shown i FiGs. 2B and 2C, leaflets 170 are movable between an open
configuration (FIG. 2B) and a closed configuration (FIG. 2C) 10 which the leaflets coapt, or

meet in sealing abutment.

{1636} At the lower, or ventricle end, leaflets 170 may have a smaller perimeter than

outer covering 160, Thus, the free lower edges of the leaflets, between coramissure posts 152
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{cach portion of leaflets 170 between adjacent commissure posts being referred to as a
“belly” of leaflets 170) are spaced radially from the lower edge of outer covering 160, This
radial spacing facilitates movement of the leaflets from the open position in FIG. 2B to the
closed position i FIG. 2C, as the counter flow of blood from the ventricle to the atrium

during systole can catch the free edges of the belltes and push the leatlets closed.

{1634 Outer covering 130 and inner covering 132 of outer frame 120, outer covering 160
and lcatlets 170 may be formed of any suitable material, or corabination of materials, In
some embodiments, the tissue s optionally a biological tissue, such as a chemically stabilized
tissuc from a heart valve of an animal, such as a pig, or pericardial tissue of an animal, such
as cow {(bovine pericardium} or sheep {ovine perncardium) or pig {porcine pericardiurg) or
horse {equine pericardimmy. Preferably, the tissue is bovine pericardial tissue. Examples of
suitable tissue include that used in the products Duraguard®, Peri-Guard®, and Vascu-
Guard®, all products currently used in surgical procedures, and which are marketed as being
harvested gencrally froma cattle less than 30 months old.  Alternatively, valve leaflets 170

may optionally be made from pericardial tissue or small intestine submucosal tissue.

{16321 Synthetic materials, such as polyurethane or polytetrafhuorocthylene, may also be
used for valve leatlets 170, Where a thin, durable synthetic roaterial 1s contemplated, ¢.g. for
outer covering 130 or imnmer cover 132, synthetic polymer materials such expanded
polytetrafluorocthylene or polyester may optionally be used.  Other suitable materials may
optionally inchude thermoplastic polycarbonate urethane, polyether urethane, segmented
polyether urethane, silicone polyether urcthane, silicone-polycarbonate urethane, and ultra-
high molecalar weight polyethylene.  Additional biocompatible polymers may optionally
include polyolefing, clastomers, polyethylene-glycols, polyethersulphones, peolysulphones,
polyvinylpyrrolidones, polyvinylehdorides, other fluoropolyrmers, silicone polyesters, siloxane

polymers and/or oligomers, and/or polvlactoues, and block co-polymers using the same.

{1833} o another embodiment, valve leaflets 170 may optionally have a surface that has
been treated with (or rescted withy an anti-coagulant, such as, without limitation,
immobilized heparin.  Such currently available heparimized polymers are known and

available to a person of ordinary skill in the art.

11634 As shown in FiGs. 1A, 1B, and 2A, inner valve assembly 140 may be

substantially cvlindrical, and outer frame assembly 110 way be tapered, extending from a
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smaller diameter {shightly larger than the cuter diameter of inner valve assembly 140) at a
lower, ventricle portion 112 {where it 1s coupled to inuver valve assembly 140) to a larger
diameter, atrium portion 116, with an intermediate diameter, annulus portion 114 between the

atriurn and ventricle portions.

{1635] A tapered annular space or pocket 185 18 thus forracd between the outer surface of
mner valve assembly 140 and the 1nner surface of outer frame assembly 110, open fo the
atrium cnd of valve assembly 100, When valve asserbly 100 is disposed m the annulus of a
native heart valve, blood from the atriurn can move in and out of pocket 185, The blood can
clot, forming thrombus, and the thrombus can be washed out by the flow of blood during the
cychc pumping of the heart, which 1s undesirable. To bt such washout of thrombus, and
to enhance clotting, ingrowth of tissue into the surfaces of valve 100, and produce other

benefits, the pocket can be covered, or enclosed, by a pocket closure 180,

{1836} Pocket closure 180 can be forroed at least 1o part of any swiable material that 1s
sufficiently porous to allow blood, inchuding particularly red blood cells, to enter pocket 183,
but is not so porous as to allow undesirably large thrombi to leave the pocket 185, or to allow
washout of thrombus formed in the pocket 185, For exaruple, pocket closure 180 may be
formed at least in part fromn a woven or kait polyester fabric with apertures less than 160 y,
and preferably between 90 poand 120 p. It is not necessary for the entivety of pocket closure
180 to be formed of the same material, with the same porosity. For example, some portions
of pocket closure 180 may be formed of a less porous, or blood impermceable, material and
other portions formed of material of the porosity range noted above. It is also contemplated
that a portion of the outer frame asserobly 110 or the wner valve asserably 140 may be
formed with an aperture that comnmunicates with pocket 180, covered by a closure formed of
material having the desired porosity, thus providing another path by which blood may enter,

but thrombi are prevented from leaving, atrial pocket 185,

{1837} The outer surface of nner valve asserbly 110, and/or the inner surface of outer
frarne assembly 140, need not by circular in cross-section as shown schematically in FiGs.
TA and 1B, but may be of non-counstant radius at a given location along the central axis of
valve 100. Thus, pocket 185 may not be of constant cross-section, and may not be
contiraous, but rather yoay be formed n two or more fluidically isolated, partially anoular

volumes. Similarly, pocket closure 180 need not be shaped as a ring with constant width as
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shown schematically in FIGs. 1A and 1B, but rather than be a continues ring of varying with,

a more complicated countinuous shape, or may be forraed in muliiple, discrete sections,

{1638} Pocket closure 180 serves to trap and/or slow the flow of blood within pocket IR3,
reducing hemodynamic washout and increasing formation of thrombus in pocket 185, It also
promaotes active fn-growth of native tissue mito the several coverings of prosthetic heart valve
100, further stabilizing valve 100 in the native heart valve. The material forming the outer
covering of inner valve assembly 140 can also be hardened or stiffened, providing betier
support for leaflets 174, Also, a mass of thrombus filling pocket IR5 can serve as potting for
inner valve assembly 140, further stabilizing the valve assembly. Greater stability for inner
valve assembly 140 can provide more rehable coaption of valve leaflets 170, and thus more
effective performance. The mass of thrombus can also stabilize the outer frame assembly
110 after it has been justalled 1u, and flexibly conformed to, the native valve apparatas. This
can provide a more effective secal between prosthetic heart valve 100 and the native valve

apparatus, and reduce pertvalvular leakage.

{16391 One possible mmplementation of the prosthetic heart valve shown schematically in
FIGS. 1A-20 i3 prosthetic heart valve 200, shown in fop view in FIG. 3. Prosthetic heart
valve 200 includes an outer frame assembly 210 and an inner valve assembly 240 coupled to

the outer frame assembly.

{164¢] The outer frame assembly 210 includes an outer frame 220, covered on all or a
portion of its outer face with an outer covering 23¢ (not visible), and covered on all or a

portion of its mner face by an inner covering 232,
fer)

{10414} The inner valve assembly 240 includes an inner frame 250, an outer covering 260
{not visible), and leaflets 270. Inner frame 250 includes six axial posts or frame members
that support outer covering 260 and leaflets 270, The inner valve assembly 240 may be
substantially cylindrical, and outer frame asserbly 210 may be tapered, extending from a
smaller diamcter (shightly larger than the outer diameter of inner valve asscrably 240} at a
lower, ventricle portion (where it s coupled to inner valve assembly 240) to a larger
diameter, atrium portion, with an intermediate diameter, annulus portion between the atrium

and ventricle portions.

{1042} A tapered annular space or pocket 285 {e.g., atrial throrabogenic sealing pocket) s

thus formed between the outer surface of inner valve assembly 240 and the inner surface of

~3
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outer frame assembly 210, open to the atrium end of valve assembly 200, The pocket closure
280 can, for example, be formed from a cwrcnlar piece of wire, or halo, with a permeable
mesh fabric or tissue, that is sewn and thereby connected to the inner frame 250 and/or to the
icaficts 170, The mner frame 250 has an inner wireframe structure {e.g., made of Nitinol
wire} that supports the leaflets 270 sewn to the inner frame 258 and functions as a valve. The
inner frare 250 in FIG. 3 includes three U-shaped wire components joined at their opened
ends to form junctions. Leaflets 270 are sewn to these components to form articulating
icatlets 170 creating and functioning as a prosthetic valve {e.g., prosthetic tricuspid valve;

prosthetic mitral valve; prosthetic aortic valve, eic.),

{1043} Moreover, the inuer frame 250 has (fether) attachment apertures 211 (oot shown),
for attaching tether assembly 290 (not shown). Tether assembly 290 is connected fo

epicardial securing pad 254 (not shown).

{1044} In operation, the inuer valve asserably 240 18 disposed within and secured within
the outer frame assemubly 210, QOuter frame assernbly 210 may also have in various
embodiments an outer stent tissuc material,  Outer frame assernbly 210 includes an
articulating collar 246 which has a collar cover 248, Articulating collar 246 is specifically
shaped to solve leakage issucs arising from native structures. In particular, collar 246 18
composed of an A2 segment 247, 4 P2 segment 249, and two commissural segments, the Al-
Pl segment 251, and the A3-P3 segment 253, The collar 246 may also have in preferred
embodiments a shortened or flattened or D-shaped section 262 of the AZ segment 1n order to

accommodate and solve left ventricular cutflow tract (LVOT) obstruction issues.

{1645} In operation, the prosthetic heart valve 200 may be deployed {e.g., as a prosthetic
rotral valve) using catheter delivery techwigues.  The prosthetic heart valve 200 s
compressed within a narrow catheter and delivered to the annular region of the native valve
{¢.g., the left atrium) with a pre-attached tether asserably 290, There, the valve 200 is pushed
out of the catheter where it springs open into its pre-formed functional shape without the need
for manual cxpansion {¢.g., manual cxpansion using an inner balloon cathetery,  When the
valve 200 s pulled nto place, the outer frame asserobly 210 1w seated i the native mitral
annulus, leaving the articulating collar 246 to engage the atrial floor and prevent pull-thru
{where the valve 200 is pulled 1nto the ventricle). In such embodiments, it is not necessary to
cut-away the native leaflets, as has been taught in prior prosthetic efforts. Instead, the native

leaflets can be used to provide a tensioning and/or sealing function around the outer frame

)
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assemibly 210, 1t is advantageous for the valve 200 to be asymmetrically deployed in order to
address LVOT problems where non-accommodating prosthetic valves push against the A2
anterior segment of the valve {e.g., mitral valve} and close blood flow through the aorta,
which anatornically sits immediately behind the A2 segrment of the mutral annulus, Thus, D-
shaped section 262 1s deployed substantially umediately adjacent/contacting the A2 segment
sinee the flattened D-shaped section 262 is structurally smaller and has a more vertical profile
{closer to paralleling the longitudinal axis of the outer frame assembly 212) and thereby
provides less pressure on the A2 segment. Once the valve 200 is properly scated, tether
asserably 290 may be extended out through the apical region of the et ventnicle and secured

using an epicardial pad 254 or similar suture-locking attachment mechanism (not shown}.

{1846} In an alternatc embodiment, the tether assembly 290 is on the outer frame
assembly 210, which would then have (tether) attachment apertures 213 for atfaching tether

assembly 290 to epicardial securing pad 254,

{1647} FI(G. 4 s a top, or atrial, view of another embodiment of a prosthetic heart valve
300, illustrated without pocket closure 380, FIG. 4 shows the top of the junction tip 302 of
the three U-shaped wire components of inuer frame 350 joined at their opened ends to form
junctions 302, Leaflets 370 are sewn to these cormponents to form articulating leatlets 370
creating and functioming as a prosthetic valve {e.g., prosthetic iricuspid valve, prosthetic
mitral valve, prosthetic aortic valve, etc.}. Thrombogenic pocket 385 is shown below the
plane of the collar. FIG. 4 shows vertical A2 segment 347, the P2 segment 349, and the
commissural A1-P1 segment 351 and A3-P3 scgment 353, FIG. 4 shows how upon
deployraent blood would fill the void or gap 385 between the inmer valve assermbly 340 and
the outer frame assembly 310 of the valve 300. This blood creates a termporary fluid seal that
pools 1 that space and provide a pressure buffer against the leakage inducing forces that
accorapany systolic and diastolic related iutra-atrial and intra~-ventricular pressure. Moreover,
FIG. 4 provides an illustration of collar 346 that may, in some cmbodiments, melude a
shortened or flattened or B-shaped section 362 of the A2 segment in order (o accommodate

and solve left ventricular outflow tract (EVOT) obstruction issucs.

{1048} FIG. 5 is a perspective side view of the P2 area 447 and A3-P3 area 453 of a seif-
expanding pre-counfigured comapressible transcatheter prosthetic cardiovascular valve 400
contemplated herein, that confains as a sub-component, a sclf-expanding inner valve

assembly 440. The valve 400 further wnchudes as a sub-compouent, an outer frame assembly

Q
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410, The outer frame assembly 410 and the inner valve assembly 440 collectively define
thrombogenic pockets 485, FIG. § shows one of the three U-shaped wire coraponents of
inner frame 450 joined at their openced ends to form junctions 402, Leaflets 470 are sewn to
these components to form articulating leaflets 470 creating and functioning as a prosthetic
valve. Thrombogenic pocket 485 s shown slightly below the plane of the majority of collar
446 except for the vertical A2 segment 447, the P2 segment 449, and the cormmissural A1-P1
segment 451 {not shown} and A3-P3 segment 453, FIG. 5 shows how upon deployment
blood would fill the void or gap (1.c., pocket 485) between the inner valve assembly 440 and
the outer frame assembly 410 at the A3-P3 segment 453 arca of the valve 400, This blood
creates a temporary fluid seal that would pool in that space and provide a pressure buffer
against the leakage mnducing forces that accorapany systolic and diastolic related wmira-atnial

and intra-ventricular pressure.

{1049] FIG. 6 is an exploded view of an embodiment of the pre-configured compressible
transcatheter prosthetic cardiovascular valve 400, which contains as a sub-component, a sclf-
expanding inuer frame 450, The valve 400 further includes as a sub-component, an outer
frarne asserably 410, The outer frame asscmbly 410 and the inner valve assembly 440
collectively define thrombogenic pockets 485 (not shown). The pocket 485 is formed
between inner valve assembly 440, as the inside of the V-shaped or U-shaped pocket, and the
outer frame assembly 410 with outer covermng 430, as the outside of the V-shaped or U-
shaped pocket. In this valve 400, the inner valve assembly 440 has an atrial thrombogenic
sealing pocket closure 480 {not shown) {e.g., formed from a circular piece of wire, or halop),
with a permeable mesh fabric or tissue, that is sewn and thereby connected to the inner frame
450 and/or to the leaflets 470, The inner frame 450 mcludes an inner wireframe structure
made of Nitinol wire that supports leaflets 570 sewn to the inner frame 450 and functions as a
valve. The muner frame 450 mcludes three main U-shaped wire components 407 joined at
their opened ends to form junctions 402, Optionally, in some embodiments, the inner frame

450 can include additional wire cross-members or struts {(e.g., more than three).

{1656} In this valve 400, the inner frame 450 is sewn with tissue and acts a cover to
prevent valvular leakage. The mner valve assembly 440 includes the leaflets 470, The
icaflets 470 include articulating leaflets that define a valve function. The leaflets 470 are
sewn to the inner frame 450, The tner frame 450 also has (tether) attachment apertures 411

for attaching tether assembly 490, Tether assembly 490 is shown in this cxample as

10
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connected to epicardial securing pad 454, In operation, the covered inner valve assembly 440
{with leaflets 470}, is disposed within and sccured within the outer frame assembly 410,
QOuter frame assembly 410 may also have in varicus embeodiments an outer covering 460.
Quter frame assembly 410 has an articulating collar 446 which has a collar cover 448,
Articulating collar 446 way also have in preferred embodiments a flattened or D-shaped
section 462 at the AZ area to accormmmodate and solve left ventricular outflow tract (LVOT)
obstruction issues.  Collar 446 may also have specially formed commissural segments to

provent commissural leakage at A1T-P1 segment 451 and at A3-P3 segroent 453

{1051 In operation, the valve 400 may be deployed as a prosthetic valve using catheter
delivery techniques. The valve 400 is compressed within a narrow catheter and delivered to
the annular region of the native valve (e.g., the left atrtum) with a pre-attached tether
assembly 490. There, the valve 400 is pushed out of the catheter where i springs open to
its pre-formed functional shape without the need for manual cxpansion {e.g., manual
expansion using an inner balloon catheter),  When the valve 400 is pulled into place, the
outer frame assembly 410 is seated in the native annulus {e.g., native mitral annulus), leaving
the articulating coliar 446 to cngage the atrial tloor and provent pull-thru (where the valve s
pulied into the ventricle). In such embodiments, it is not necessary to cut-away the vative
leaflets, as has been taught in prior prosthetic efforts. Instead, the native leafiets can be used
to provide a tensioning and/or sealing function around the valve 400 {c.g., around the outer
frame assembly 410). It is advantageous for the vaive 400 to be asymmetrically deployed in
order to address LVOT problerns where non-accommodating prosthetic valves posh agaiost
the A2 anterior segment of the valve {e.g., the mitral valve} and close blood flow through the
aorta, which anatomically sits immediately behind the A2 segracot of the annolus {e.g., mitral

annulus).

{18582} Thus, D-shaped section 462 is  deployed substantially  immediately
adjacent/contacting the A2 segment since the flattened D-shaped section 462 1s structurally
smaller and has a more vertical profile {closer to paralleling the longitudinal axis of the outer
frame assembly 410} and thereby provides less pressure on the AZ segment. Once the valve
400 1s properly scated, tethor assembly 490 may be extended out through the apical region of
the left ventricle and sccured using an epicardial pad 454 or similar suture-locking attachment

racchanism.

i1
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{18583} FiGs. 7-9 are front, bottom, and top views, respectively, of a prosthetic heart valve

SO0 according to an embodiment.

{16584} Prosthetic heart valve 500 is designed to replace a damaged or discased native
heart valve such as a mitral valve. Valve 500 includes an outer frame assembly 510 and an

inner valve assembly 540 coupled to the outer frarne assembly S10

[18585] As shown, outer frarae assembly 310 inchudes an outer frame 520, covered on all
or a portion of its outer face with an outer covering 530, and covered on all or a portion of is

inner face by an inner covering 5332,

{1656} Outer frame 520 can provide several functions for prosthetic heart valve 500,
ncluding serving as the primary structure, as anchoning mechamsro and/or an attachment
point for a scparate anchoring mechanism fo anchor the valve to the native heart valve
apparatus, a support to carry inner valve assembly 540, and/or a scal to inhibut paravalvular

icakage between prosthetic heart valve 500 and the native heart valve apparatus.

{18587} Outer frame 520 s configured to be mampulated and/or deformed (e.g.,
corapressed and/or expanded) and, when released, return to its original {undeformed) shape.
To achieve this, outer frame 520 can be formed of materials, such as metals or plastics, that
have shape memory propertios. With regards to metals, Nitinol® has been found to be
especiatly useful since it can be processed to be austenitic, roartensitic or super clastic. Other

shape memory alloys, such as Cu-Zn-Al-Ni alloys, and Cu-Al-Ni alloys, may be used.

{1058} As best shown in FIG. 7, outer frame assembly 510 has an upper end {e.g., at the
atrivm portion 516}, a lower end {¢.g., at the veniricle portion 512), and a medial portion
{c.g., at the annulus portion 514) therebetween. The medial portion of the outer frame
asserobly 510 has a perimeter that 1s configured {e.g., sized, shaped) to it into an avnulus of a
native atrioventricular valve. The upper end of the outer frame assembly 510 has a perimeter
that 1s larger than the perimeter of the medial portion. In some embodiraents, the periracter
of the upper end of the outer frame assembly 510 has a perimeter that s substantially larger
than the perimeter of the medial portion. As shown best in FIG. 9, the upper end and the
medial portion of the outer frame assembly S10 has a D-shaped cross-section.  In this
manner, the outer frame assembly 510 promotes a suitable fit into the anmulus of the native

atrioveniricular vaive,
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{10659] Inner valve assembly 540 includes an itnner frame 550, an outer covering 560, and
leaflets 370, As shown, the wner valve assembly 340 mcludes an upper portion having a
periphery formed with multiple arches. The inner frame 550 includes six axial posts or frame

termbers that support outer covering 560 and leaflets 570, Leaflets 570 are attached along
three of the posts, shown as commussure posts 352 {(best illustrated in FIG. 8), and outer
covering SO0 1s attached to the other three posts, 554 (best illustrated i FIG. 8), and
optionally to commissure posts 352, Each of outer covering 360 and leaflets 570 are formed
of approximately rectangular sheets of material, which are joined together at their upper, or
atrivro end.  The lower, ventricle end of ounter covering 560 may be jowned to 1nuer covering
332 of outer frame assembly 510, and the lower, ventricle end of leaflets 570 may form free

edges 578, though coupled to the lower ends of commissure posts 552,

{10606} Although inner valve assembly 540 1 shown as having three leaflets, in other
embodiments, an inner valve assembly can inclade any suitable mumber of leaflets. The
icatlets 570 arc movable between an open configuration and a close configuration i which

the leaflets 570 coapt, or meet in a sealing abutment.

{1861} At the lower, or ventricle end, leatflets 57¢ may have a smaller perimeter than
outer covering 560, Thus, the free lower edges of the leaflets, between commissure posts 552
{cach portion of lcaflets 570 between adjacent corvormssure posts being referred to as a

“belly” of icaflets 570) arc spaced radially from the lower edge of outer covering 560 of the
inner valve asserably 540, This radial spacing facilitates maoveroent of the leaflets 570 from
the open position to the closed position as the counterflow of blood from the ventricle to the
atrivm during systole can catch the free edges of the bellies and push the leaflets 570 closed

{c.g., coapt).

{1662} Guter covering 539 of the outer frame assembly 518 and inner covering 532 of
outer frame assembly 510, outer covering 560 of the inner valve assembly 540 and leatlets

]
>4

{} of the inner valve assembly 540 may be formed of any suitable material, or combination
of materials, such as those discussed above. In this embodiment, the inner covering 532 of
the outer frame assembly 5190, the outer covering 560 of the 1nuer valve asserobly 540, and
the leaflets 570 of the inner valve assembly 540 are formed, at least in part, of porcine
pericardiur. Moreover, in this embodiment, the outer covering S30 of the outer frame

assemibly 510 is formed, at least in part, of polyester.
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{1863} In another embodiment, valve leaflets 370 may optionally have a surface that has
been treated with {or reacted withy an anfi-coagulant, such as, without hmitation,
immobilized heparin.  Such currently available heparinized polymers are known and

available to a person of ordinary skill in the art.

{1064} Toner valve asserably 540 is be substantially cylindrical, and outer frame assembly
510 1s be tapered, extending from a smaller diameter (slightly larger than the outer diameter
of inner valve assembly 540} at a lower, vendricle portion 512 (where 1t 15 coupled to inner
valve assembly 340} to a larger diameter, atrinm portion 516, with an interrmediate diameter,

annulus portion 514 between the atrium and veniricle portions.

{1065} As shown, a tapered annular space or pocket 585 is thus formed between the outer
surface of inner valve assembly 540 and the inner surface of outer frame assernbly 510, open
to the atrium end of valve assembly 500, As shown, pocket closure 580 is coupled along the
periphery of the upper end of the wnmer valve asserobly 340, To some embodiments, the
pocket closare 580, or a portion thereof, can be coupled along any suitable portion of the

inner valve assembly 540,

{1666] As discussed above, pocket closure 580 can be formed at least in part of any
suitable material that is safficiently porous to allow blood, including particalarly red blood
cells, to enter pocket 585, but 1s not so porous as to allow undesirably large thrombi to leave
the pocket SRS, or to allow washout of thrombus formed in the pocket 585, In this
embodiment, pocket closure 380 is formed entirely of knit polyester (i.e,, PET warp knit
fabric) having apertures of about 30-120 microns. In some embodiments, a pocket closure

can inchude apertures less than about 160 microns.

{1467} Inner frame 550 is shown in more detail in FiGs. 10-12. Specifically, FiGs. 10-12
show inner frame 530 in an undeformed, mitial state (FIG. 10), a side view of the inner frame
550 in a deployed configuration (FIG. 11}, and a bottom view of the inner frame 530 in a

deployed configuration (FIG. 12), respectively, according to an erabodirment.

{1068} In this cmbodiment, inner frame 550 is formed from a laser-cut tube of Nitinol™,
Inner frame 550 (s tusirated tn FIG. 10 in an undeformed, inttial state, {.e. as laser-cut, but
cut and unrolled into a flat sheet for casc of iHustration. Inner frame 550 can be divided into
four portions, corresponding to functionally different portious of the nner frame 550 1o final

form: atrial portion 541, body portion 542, strut portion 543, and tether clamp portion 544.

14
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Strut portion 543 includes six struts, such as strut 543A, which connect body portion 342 to

tether clarmap portion 544,

{1669] Connecting portion 544 includes longitudinal exiensions of the struts, connected
circumnferentially by pairs of opposed, slightly V-shaped connecting members {or “micro-
Vs”)  Connecting portion 544 18 configured to be radially collapsed by application of a
compressive force, which caunses the micro-Vs to become more deeply V-shaped, with the
vertices moving closer together longitudinally and the open ends of the V shapes moving
closer together circumferentially.,  Thus, connecting portion 544 can be configured to
compressively clamp or grip one end of a tether, either connecting directly onto a tether line
{¢.g. braided filament line} or onto an ntermediate structure, such as a polyrocr or metal piece

that 18 in term firmly fixed to the tether line.

{16781 In contrast to connecting portion 544, atrial portion 541 and body portion 542 are
configured to be expanded radially. Strot portion 543 forms a longttudinal connection, and
radial trausition, between the expanded body portion and the compressed convecting portion

544,

{1671} Body portion 542 incluades six longitudinal posts, such as post S42A. The posts

nr
I
I

can be used to aitach leaflets 570 to inner frame 540, and/or can be used to attach inner
asserbly 540 to outer assembly 510, such as by connecting inner frame 350 to outer frame
S20.  In the Wusirated erobodiroent, the posts juclade openings through which convecting

members (such as suture filaments and/or wires) can be passed to couple the posts to other

structures.
116723] Iover frame 550 1s shown w a fully deformed, e, to the fival, deployed

configuration, in side view and bottom view in FIGs. 11 and 12, respectively.

{18731 (rater frame 520 of valve 500 s shown in more detail in FiGs. 13-15. In this
embodiment, outer frame 320 is also formed from a laser-cut tube of Nitinol®.  Quter frame
520 18 illustrated in FIG. 13 in an undeformed, initial state, i.e. as laser-cut, but cut and
unrolled into a flat sheet for case of llustration. QOuter frame 520 can be divided into a

coupling portion 371, a body portion 572, and a cuff portion 573, as shown in FIG. 13,

11674} Coupling portion 571 wclades voultiple openings or apertures, such as 571A, by

which outer frame 520 can be coupled to inner frame 550, as discussed in more detail below.
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{1675] Outer frame 520 is shown i a fully deformed, ie. to the final, deployed
configuration, in side view and top view in FIGs. 14 and 135, respectively.  As best seen in
FiG. 15, the lower end of coupling portion 571 forms a roughly circular opening (identified
by “0O” i FIG. 15}, The diameter of this opening preferably corresponds approximately to
the diameter of body portion 542 of inner frame 350, to facilitate coupling of the two

components of valve 500.

{1876} Quter frame 520 and inner frame 550 are shown coupled together in FIGs, 16-18,
in frout, side, and top views, respectively. The two frames collectively form a structural
support for a prosthetic valve such as valve 500, The frames support the valve leaflet
structure {e.g., leaflets 70} 1u the destired relationship to the native valve annulus, support the
coverings {e.g., outer covering 530, inner covering 532, outer covering 560} for the two
fravacs to provide a barrier 1o blood leakage between the atrium and veniricle, and couple to
the tether {e.g., tether assembly 598} (by the inner frame 550) to aid in holding the prosthetic
valve in place in the native valve anmulus by the tether connection to the ventricle wall. The
outer frame 320 and the inner frame 550 are counected at six coupling points {representative
points are identified as “C7). In this embodiment, the coupling points are implemented with a
mechanical fastener, such as a short length of wire, passed through aperture {such as aperture
S71A} in coupling portion 571 of outer frame 520 and corresponding openings in longitudinal
posts {such as post 542A) wn body portion 342 of joner fravae 550, loner frame 350 1s thus

disposed within the cuter frame 520 and securely coupled to it

{16771 A template 534 {or design pattern) for cutting, shaping, and sizing outer covering
S30 of outer fraroe asserobly 510 and/or wmner covering 532 of outer frame assembly 1s
itfustrated in FIG. 19, according to an embodiment. Design pattern 534 includes attachment
ipcation indications 536a, 536b.  To arrange outer covering 530 into an asscmbled
configuration {i.¢., etther coupled to or ready to be coupled to outer frame 5283, the two ends
of the outer covering 530 are coupled together {e.g., sewn} in accordance with the attachment
location indications 536a, 5360 of the temaplate 534, Similarly, inner covering 532 i
arranged into an assembled configuration by coupling {c.g., sewing} its ends together in

accordance with the atiachment location indications 336a, 536h.

{1678} Figure 20 illustrates a design pattern of one leaflet S70 and associated portion of
outer covering 560 of the inner valve assembly in its initial, pre-assembled state {(ie., not

attached to inner frame S50), according to an ermbodiment.  As discussed above, the portion

16
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of leaflet 570 between adjacent commissure posts is referred to as a “belly” of the leaflet 570,
The belly has a carved edge 1ndicated with reference "B” w FIG. 20, During assembly of
inner valve assembly 540, the leaflet 570 is coupled fo the inner frame 550 of the tnner valve
asscrnbly 340, Specifically, the belly edge B of the leaflet 570, or a portion thercof, is
coupled to the inner frame 350 at the arch portion of the inner frame 550, In addition, outer
covering 360 1s folded over a portion of the mner frame 350 {¢.g., the arch portion) along the
axis indicated with 'F’, and coupled to a portion of the mner frame 550 (e.g., the commissure
post 552} along attachment Hine A, As shown, a coupling area C (¢.g., a stitching arca}, is
disposed ouiside and adjacent to attachwent hoe A, Couphng arca € can facilitate the
assembly process.  Subscquently, excess leaflet material and/or excess outer covering
material can be cut away and disposed of or reused. For example, material disposed between
the belly odge B and the F-axis, or material in the coupling arca €, may, in some
embodiments, be unnecessary material and thus can be cut away from the leafict 570 and/or
outer covering 368. The asserably process can be repeated for each leaflet 570, cach outer

covering 560, and ecach commussure post 552,

{1679} The leaflets S70 and the outer covering 560 can have any suitable size, shape,
material, and/or configuration. For example, in this embodiment, leaflets 570 and/or outer

covering 360 18 formed of fixed porcine pericardium, with a thickness of about .01 inches.

{1084 A schematic representation of another embodiment of a prosthetic heart valve is
shown 1o FIGs. 21 and 22, Prosthetic heart valve 600 s designed to replace a damaged or
discased native heart valve such as a mitral valve. Valve 600 includes an outer frame

assembly 610 and an wnner valve assembly 640 coupled to the outer frame asserbly 610

{1081} Although not separately shown o the schewatic illustration of outer frame
assembly 610 1o FIGs. 21 and 22, outer fame assembly 610 may be formed of an outer frame
620, covered on all or a portion of its outer face with an outer covering 630, and covered on
all or a portion of its inner face by an inner covering 632, The materials and construction of
the components of prosthetic heart valve 600 can be sinilar to those of the other
cmbodiments described above.  The following discussion focuses on the aspects of this

embodiment that differ from the previous embodiments.

{1082} Inner valve assembly 640 includes an inner frame 650 {not shown}, an outer

covering 660 {(not showu), leaflets 670 (not shown}, and atrial structore 635 {e.g., halo). As
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shown, the halo 635 is disposed at the atrium portion 616 of inner valve assembly 640, In
sach a configuration, when valve 600 is implanted info a heart of 4 patient, halo 653 will be
disposed above the atrial floor and/or native valve anmulus of the patient’s heart. In this
manner, the halo 655 provides extended functionality {e.g., above the native mutral valve
annulas) of the nner frame 650, In some instances, for example, if prosthetic leaflets are
seated too low relative to the native valve annulus, the leaflets may improperly coapt {(e.g.,
incomplete coaptation} and/or hemodynamic leakage can occur. Thus, disposing halo 655

above the native valve anmulus can provide for and/or promote complete coaptation.

{1083] Halo 655 can be formed from any suitable method and material. For example, in
sorne embodiments, halo 655 can be formed from a substantially civcular prece of wire. In

such embodiments, halo 655 can be coupled to (e.g., sewn} to inner frame 650

{1484} Outer covering 630 and inner covering 632 of outer frame 620, outer covering 660
aund leaflets 670 may be formed of any saitable material, or combination of matenials, such as

those discussed above in connection with other embodiments.

{1685} As shown in FIGs. 21 and 22, inner valve assembly 640 may be substantially
cyhindrical, and outer frame assembly 610 may be tapered, extending from g smaller diameter
{shightly larger than the outer diameter of inuver valve assembly 640) at a lower, veniricle
portion 612 {where it is coupled to inner valve assembly 640} to a larger diameter, atrium
portion 616, with an mtermediate diameter, annulas portion 614 between the atrium and

ventricle portions.

{1686} In some embodiments, the outer surface of inner valve assembly 610, and/or the
inner surface of outer frarae assembly 640, need uwot by circular in cross-section as shown
schematically in FIGs. 21 and 22, but may be of non-constant radius at a given location along

the central axis of valve 600,

{1087} The atrial hale 655 functions by cxtending the inner frame of an inner valve
assembly above the plane of atrial floor in an improved prosthetic heart valve that includes an
inner frare that holds the leatlets and which is disposed within an outer frarae for reducing or
preventing feaking when the prosthetic heart valve is disposed within a heart valve (e.g.,

mitral valve, tricuspid valve).
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{1688} A benefit to having leaflets within a raised leaflet sile or cylinder {e.g., halo 650}
is improved blood flow and leaflet closure. It has been observed that where the leaflet

cylinder 18 at the atrial floor, leaflet coaptation is incomplete and can result in hemodynamic

leakage
{1689] Accordingly, by providing an atrial halo or ring structurce that is raised above the

plane of the native annulus or atrial floor, complete leatlet coaptation is encouraged. During
ventricular contraction or systole, the blood is ejected towards aortic valve to exit the heart
but is also gjected towards the prosthetic mitral valve, which needs to remain closed during
systole. Retrograde blood hitting the prosthetic valve leaflets caunse the leaflets to close,
preventing regurgitation into the left atrium. During diastole or veniricular filling, the blood
needs to flow from the atrium info the ventricle without obstruction. However, when
prosthetic leaflets are not properly placed or properly aligned, the leaflets can obstruct

efficient filling of the ventricle or cause uneven ventricular output.

{1696 FIG. 23 is a top-view of a prosthetic heart valve 700 according to an embodiment
that 18 onc possible implemcentation of the prosthetic heart valve shown schematically in
FiGs. 21 and 22, Prosthetic heart valve 700 includes an outer frame assembly 710, an tnoer
valve asserably 740, and @ tether asserably 796, The inner valve assembly 740 mcludes an
iner frame 750, and outer covering 760 (not shown), leaflets 770, and atnial stvuctore 758
{c.g., halo). Halo 7355 can be formed from a circular picce of wire that can be connected to
the wner frame 750 and sewn to the leaflets 770, The mner frame 750 can be made of
Nitinol® wire that supports leaflets 770 sewn o the inner frame 750 and functions as a valve.
The wner frame 750 shown wm FIG. 23 includes three U-shaped wire components joined at
their opened ends to form junctions 702, Leaflets 770 are sewn to these components to form
articulating leaflets, creating and functioning as a prosthetic valve {(c.g., prosthetic mitral

valve, prosthetic tricuspid valve).

{1491} In some embodiments, the mner frame 750 has tether attachment apertures 711
{not shown) for attaching tether assembly 790, Tether assembly 790 is connected tfo

epicardial securing pad 754 (not shown).

{1692} In operation, the inner frame 750 {with leaflets 770), s disposed within and
secured within the outer frame 720 of the outer frame assembly 710, Outer frame 720

includes an outer covering 730 (not shown) {e.g., tissue material) and an inner covering 732
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{e.g., tissue materialy. Outer frame 720 has an articulating collar 746 which has a collar cover
74R.  Articulating collar 746 is configured (e.g., shaped and sized) to solve leakage issucs
arising from native structures. In particular, collar 746 is composed of an A2 segment 747, a
P2 scgroent 749, and two commissural segments, the A1-P1l segroent 751, and the A3-P3
segment 753, The collar 746 may also have, in some embodiments a shortened or flattened
or D-shaped section 762 of the A2 scgment in order to accommodate and solve left

ventricular outflow tract (LVOT) obstruction issues.

11693 fu operation, the valve 700 may be deployed as a prosthetic mitral valve using
catheter delivery techniques. The entire valve 700 is compressed within a narrow catheter
and delivered fo the annular region of the native valve, preferably the left atnium, with a pre-
attached tether apparatus. Upon delivery, the valve 700 is pushed out of the catheter where it
springs open inte its pre-forraed functional shape withouot the need for manual expansion
{c.g., manual cxpansion using an inner balloon catheter). When the valve 700 is pushed
and/or pulied mnto place, the outer frame assembly 710 is seated in the native valve anmulus
{e.g., native mitral annulus), leaving the articulating collar 746 to engage the atrial floor and
prevent pull-through (where the valve 1s pulled into the ventricle). In such embodiments, it is
not necessary to cut-away the native leaflets, as has been tanght in prior prosthetic efforts,
instead, the native leaflets can be used to provide a tensioning and/or scaling function around
the outer frame assembly 710, It is advantageous for the valve 700 fo be asymmetrically
deployed in order to address LVOT problems where non-accommedating prosthetic valves
push against the A2 anierior segment of the valve {e.g., vautral valve) and close blood flow
through the aorta, which anatomically sits immediately behind the A2 segment of the mitral
annulas. Thus, D-shaped section 762 18 deployed substantially  ifmwocdiately
adjacent/contacting the A2 segment since the flattened D-shaped section 762 is structurally
smaller and has a more vertical profile {closer to paralleling the longitudinal axis of the ounter
stent) and thereby provides less pressure on the A2 segment. Once the valve 700 1s properly
scated, tether assembly 790 may be extonded out through the apical region of the left
veniricle and secured using an epicardial pad 754 or similar suture-locking attachvoent

mechanism (not shown).

{1694} In an alternate embodiment, the tether assembly 790 is on the outer frame 720,
which would then have tether attachment apertures 713 for attaching tether asserably 790 to

epicardial securing pad 754
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{1095} FIG. 24 is a perspective view of the A1-P1 side of the prosthetic heart valve 700
according to an crobodiment. FIG. 24 shows one of the three U-~shaped wire compounents of
inner frame 750 joined at their opened ends to form punctions 702, Although three U-shaped
wire componcents are shown, in other embodiments, any suitable number of U-shaped wire
components can be joined at their opened ends to form junctions.  Similarly, i some
cmbodiments, the wire components of nner frame 750 can by any suitable shape or size.
Leaflets 770 are sewn to these componeunts to form articulating leaflets 770 creating and
functioning as a prosthetic heart valve {c.g., mitral valve, tricuspid valve). Atrial halo 755 18
shown with the plane of the circular wire above the plane of the majonity of collar except for
the vertical A2 segment 747, the P2 segment 749, and the commissural A1-P1 segment 751
an A3-P3 segment 753, FIG. 26 shows how upon deployraent blood would £l the voad or
gap 707 between the inner frame 750 and the outer frame 720 at the APl segment 751 of
the valve 700, This blood creates a teraporary fluid scal that would pool in that space and
provide a pressure buffer against the leakage inducing forces that accompany systolic and

diastolic related intra-atrial and mtra-ventricular pressure.

{1696} FIG. 25 1s a perspective view of the A3-P3 side 753 of prosthetic heart valve 700
according fo an embodiment. FIG. 25 shows one of the three U-shaped wire components of
inner frame 750 joined at their opencd ends to form junctions 702, Leaflets 770 are sewn to
these compouents to form articulating leaflets 770 creating and functioning as a prosthetic
tricuspid valve. Atrial halo 755 is shown with the plane of the circular wire above the plane
of the majority of collar except for the vertical A2 segraoent 747, the P2 segment 749, and the
commissural A1-P1 segment 751 and A3-P3 segment 753, FIG. 25 shows how upon
deployment blood would ] the void or gap 708 between the inner fraroe 750 and outer
frame 720 at the A3-P3 scgment 753 area of the valve 700. This blood creates a temporary
fluid scal that would pool i that space and provide a pressure buffer against the leakage
inducing forces that accompany systolic and diastolic related intra-atrial and intra-ventricular

pressure.

{10697} FIG. 26 is an cxploded view of prosthetic heart valve 700 according to an
embodiment. Tu this valve 700, the juner frame 750 15 sewn with tissue 706 and acts a cover
to prevent valvular leakage. The inner frame 750 contains the leaflets 770 comprised of
articulating leaflets that define a valve function. The leaflets 770 are sewn to the wuoer frame

750. The mner frame 750 also has tether attachment apertures 711 for attaching tether
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asserbly 790, Tether assembly 790 15 shown in this example as connected to epicardial
securing pad 734, In operation, the covered inner frame 750 {e.g., covered with outer
covering 760} (with leaflets 770), is disposed within and secured within the outer frame 720
of the outer frame assembly 710, Outer frame 720 may also have i various crbodiments a
covering {e.g., outer covering 730}, Outer frame 720 has an articulating collar 746 which has
a collar cover 748, Articulating collar 746 may also have fn some embodiments a D-shaped
section 762 to accommodate and solve left ventricular outflow tract (LVOT) obstruction

I8SUES.

{1098} In operation, the valve 700 may be deployed as a prosthetic valve {e.g., miiral
valvey using catheter dehivery technigues. The entive valve 700 is compressed within a
narrow catheter and delivered to the annular region of the native valve, such as, for example,
with a pre-atiached tether assembly 790, There, the valve 700 is pushed out of the catheter
where it springs open into its pre-formed functional shape without the need for manual
expansion {¢.g., manual cxpansion using an inner balloon catheter). When the valve 700 s
pushed and/or pulled into place, the outer frame assembly 710 is seated in the native mitral
annulus, leaving the articulating collar 746 to engage the atrial floor and prevent pull-through
{where the valve is pulled into the ventricle). In such embodiments, it is not necessary to cat-
away the native leaflets, as has been taught in prior prosthetic efforts. Instead, the native
leatlets can be used to provide a tensioning and/or scaling fonction around the outer frawe
asserbly 710, it is advantageous for the vaive 700 to be asymmetrically deployed in order to
address LVOT problems where non-accommodating prosthetic valves push against the A2
anterior segment of the valve (¢.g., the mitral valve} and close blood flow through the aorta,
which anatomically sits immediately behind the A2 segroent of the mitral annulus. Thus, D-
shaped section 762 is deployed immediately adjacent/contacting the A2 segment since the
flattened D-shaped section 762 18 structurally smaller and has a moore vertical profile {closer
to paralleling the longitudinal axis of the outer stent} and thereby provides less pressure on
the A2 segment. Ouce the valve 700 1s properly seated, tether assembly 790 may be extended
out through the apical region of the left ventricle and sccured using an epicardial pad 754 or

stimilar suture-locking attachment mechanism.

{1499} Any of the prosthetic heart valve embodiments described above can incorporate

additional structural features to enhance thewr performance.  The structural features are
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discussed below with reference to prosthetic heart valve 800, illustrated schematically in

perspective and side views i FIGs. 27 and 28, respectively.

{1166} As shown, the outer frame 820 has an atriurs portion 826, a ventricle portion 822,
and an annulus portion 824 disposed between the atrium portion 826 and the ventricle portion
§22. The inner frame 850 of the mner valve assembly 840 has a first end and a sccond cnd.
The wnner valve assemably 844 can be coupled to the outer frame 820 by a connection between
the first end of the inmer frame 850 and the ventricle portion §12 of the outer frame assembly
810. The mner frame assembly 840 can extend from the connection towards the atrium
portion 816 of the cuter frame assembly 810, The tnner frame assembly 840 and the outer
frame assembly 810 can diverge from the connection towards the atrium portion 816 of the
outer frame assembly 810, The annulus portion 814 of the outer frame assembly 810 can be
spaced radially from the inner valve asserably 840 and radially wowardly deflectable towards
the inner valve assembly 840 to accommodate a natural heart valve annulus in the annulus

portion 814,

{1181} The outer frame asscembly 810 can be shaped and sized in any suitable manner to
facilitate a proper {it into a native heart valve. For example, as shown, the outer frame 820
can be shaped and sized to resernble, at least in part, an hourglass shape. Specifically, the
annulus portion 814 of ounter frame assembly 8§10 varies from an jutermediate duameter {or
perimeter} near ventricle portion 812 to a smaller diameter {or perimeter) near the middie of
annulus portion 8§14, to a larger diameter {or perimeter) near atrivm portion 816, Thas,
annulus portion 814 has an hourglass shape. Ventricle portion 812 has a maximum diameter
larger than a waximum diarocter of avnulus portion 816, The ventricle portion has a

minimum diameter smaller than a minimum diameter of the annulus portion 814,

11162} The diameters and/or perimeters for each portion of the outer frame 820 can be
sclected based on the size and/or shape of a pative heart valve o which prosthetic heart
valve 800 is to be implanted. For example, the minimum diameter of the annulus portion 824
of the outer frame 820 can be smaller than that of the native valve annulus. Thus, insuch a
configuration, the diameters of the ventricle portion 822, avvulus portion 824, and atrium
portion 826 can collectively promote a suitable fit {c.g., a smug, secure fit) of the prosthetic
heart valve 800 w a native heart valve. Iu this mauner, the outer frame 820 can be configured

to optinmize securement and sealing between the prosthetic heart valve 800 (particularly outer
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frame assembly 810} and a native valve anmulus of a native heart valve. Thus, such a

configuration mimmizes the likehbood of paravalvular leaks.

(1163} Although the outer frame K20 1s shown to have a circular cross-section, 1 some
embodiments, the outer frame 820 can by any suitable shape or size. For cxample, in some
embodiments, the outer frame 820 can have a D-shape cross-section.  In this roanner, the
outer frame K2{ can have a shape configured to correspond to {e.g., mate with) a native heart

valve annulus.

(1184} In addition to, or instead of, outer frame 820 and/or outer frame assembly §i0
with the hourglass shape described above, valve R0Q, or in soroe nstances, ouier frame 8§20
and/or outer frame assembly 810, in particular, can be formed to provide stiffiness, such as

resistance to hoop corapression, that s varied spatially, 1.¢., axally and/or circumferentially.

{1185} o this manner, a suttable stiffness profile can be arranged such that the valve 800
promotes a desirable shape and sealing region when disposed in a native heart valve, thus
roininizing the likchihood of paravalvular leaks and undesired movement of the valve.
Similarly stated, valve 800 can be configured to have a stiffness profile suitable to cause
desirable deformation of the native heart valve annulus (i.¢., the sealing region), and thus,

proper implantation of valve 860,

{1186} A desired stiffoess profile of prosthetic valve 800 can be achieved by varving
propertics, characteristics, and/or the arrangement of the outer frame asserably 810 and the
fnner valve assembly 840, For exaraple, the outer frame 820 and/or the inner frame B50 caun
contain portions of varying material states. For example, a first portion of outer frame 820
can be in an clastic state, while a second portion of outer frare 20 is in a super-clastic state.
Similarly, for cxample, portions of the outer frame 820 and/or the inner frame 850 can be in
an austenttic state and/or a martensitic state {e.g., a stress induced martensitic statey. In thig
manner, portions of valve 830 can be configured to suitably mate with a native valve annulus,

thus improving sealing and limiting paravalvular leaks.

{1187} In addition, the outer frame assernbly 810 and/or inner valve assernbly 840 can
have varying widths, thicknesses, shapes {¢.g., longitudinal shape), angles (e.g., angle of
attachment between inner valve assembly 840 and outer frame assembly 8180}, and the like.

I some embodiments, the outer covering 830, inmer covering 832, outer covering 864, and/or
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pocket closure 880 can be configured to determing, at least in part, the stiffness profile and/or

shape of valve 800 {c.g., based on sewing pattern).

{1108} FiGs, 298, and 29C and 29D lustrate axial and circomferential stiffness profiles,
respectively, of prosthetic heart valve 800 (shown in FIG. 29A) according to an embodiment.
The stiffiiess of heart valve 800 can vary axially and/or circomferentially i any suitable
manner. For example, FIG. 29B represents an axial stiffness profile of valve 800.
Specifically, as shown, the Z-axis represents an axial location on valve 800 {c.g., a location of

the stiffoess value). The S-axis represents a range of stiffness {or range of stiffness values),

increasing from left (starting at origin O} to right.

{1169 Further to this ecxample, as illustrated n FIG. 29B, m some embodiments,
locations near the ventricle portion 822 {e.g., indicated as B in FIG. 29A) of the outer fravae
822 can have a larger stiffness value, locations near the annulug portion 824 of the outer
fravac 820 can have a swaller stiffness value relative to the ventricle portion 822 {e.g., to
facilitate cooperation with the native valve annulus), and locations near the atrium portion
826 {c.g., indicated as A in FIG. 29A) of the outer frame 820 can have a smaller, the same, or
larger stiffness value (lustrated by the dotted line) than the stiffness value near the annulus
portion 824, In this manner, the outer frame assembly 810 can be relatively more compliant
in hoop compression 1o a central, annulus portion 814, than at the ventricle portion 812,
Thus, in use, the prosthetic valve 800 can seat securely in the annulus of the native heart
valve while imposiog mnimal loads on the fnner valve asserobly 840 that could degrade the
performance of the valve leaflets 870, Although, for case of illustration, the stiffness profile
shown in FIG. 298 wcludes linear portions, m some embodiments, the stiffoess profile can

include non-linear portions instead of or in addition to the linear portions as shown.

ERRYU Similarly, the stiffness of heart valve 800, or portions of heart vaive RGG, can have
varying degrees of stiffness circumfercntially, as itlustrated by the stiffness profiles shown in
FiGs. 29C and 29 B, By way of example, FIG. 29C illustrates a circumferential stiffness
profile at axial location A (as shown by reference "A” in FIG. 29A). Sinularly, FIG. 29D
ithastrates a circurnferential stiftness profile at axial location B (as shown by reference ‘B’ in
FiG. 29A). As the profile extends radially from the origin (indicated as ‘Q"), the stiffness

value increases.

[\]
L
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{1114} Thus, as shown in FIG, 29C, the stiffncss at S1 {90 degrees) is greater than the
stiffness at S2 (270 degrees).  Further to this example, o some cmbodiments, the
circumnferential portion from zero to 180 degrees can represent a relatively flat portion of an
outer frarac 820 of the outer frame assembly 810 having a D-shape configuration, and 180 to
360 degrees can represent a relatively curved portion of the outer frame 820 having the D-

shape configuration.

(1112} In a similar fashion, FIG. 29D dlustrates a circumferential stiffness profile at axaal
location B {as shown by reference ‘B’ in FIG. 29A).  As shown, axial location B has a
different stiffness profile than axial location A. Such variability in design, as discussed
above, can provide for advantageous custoraization of heart valve 800, and cooperation of
heart valve 800 with a native heart valve. Similar to FIG. 29C, FIG. 29D iliustrates the
stiffness at one side of valve 800 being be greater than a stiffness at another side of the valve
800. In this manner, in some instances, a portion of valve 8GO that will experience greater

forces from the native heart valve annulus can have a smaller stiffness value {e.g., more
compliant) than a portion of the valve R00 that will experience smaller or fower forces, thus
optimizing the cooperation of the prosthetic heart valve 800 with the native heart (particularly

the native heart valve annular region).

{1113} While various embodiments have been described above, it should be understood
that they have been presented by way of example only, and not limitation, and as such,
varions changes 1 form and/or detail may be wade.  Any portion of the apparatus and/or
methods described herein may be combined in any suitable combination, unless explicitly
expressed otherwise,  Where methods and/or schematics described above indicate certain
events occurring in certain order, the ordering of certain events and/or flow patterns may be
modified. Additionally, certain events may be performed concurrently in parallel processes

when possible, as well as performed sequentially.
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What is claimed is:

1. A prosthetic heart valve comprising:

an outer frame assembly having an atrium end configured to be disposed in an atrium of a
heart and an opposite, ventricic end;

an inner valve assembly,

the mmer valve assembly disposed within and coupled to the cuter frame, the imner valve
asserbly and the outer frame assembly defining therebetween an annular region, the
mner valve asserubly and the outer frame assembly contigured to substantially
prevent blood flow therebetween through the annolar region;

a pocket closure coupled between the outer frame assembly and the inner valve assembly and
enclosing therewith a portion of the annular space, forroing a thrombus retaining
pocket, at least a portion of the pocket closure formed of a material having a porosity
that 1s sufficicntly large to allow red blood cells to pass through the pocket closure
into the pocket and that is sufficiently small to prevent thrombus formed from the red

blood cells to pass through the pocket closure from the pocket.

2. The prosthetic heart valve of claim 1, wherein the inmer valve asserably includes:

an inner frame;

a covering disposed about the periphery of the inner frame, defining in part the annular
regron, and formed of a material substantially irvopermeable to blood; and

a valve leaflet asserably supported on the inner frame.

3. The prosthetic heart valve of claim 1, wherein the outer valve assembly includes:
an outer frame; and
an inner covering disposed about the inner periphery of the outer frame, defining in part the

anrular region, and formed of a material substantially imapermeable to blood.

4. The prosthetic heart valve of claim 1, wherem:
the inner valve assermbly includes:
an inner frame;
a covering disposed about the periphery of the inner fravae, defining 1o part the
annular region, and formed of a material substantially impermeable to blood;
and

a valve leaflet assembly supported on the inner frame; and
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the guter valve assembly includes:
an outer frame; and
an inner covering disposed about the inner periphery of the outer frame, defining in
part the annular region, and formed of a material substantially impermcable to
blood,
the covering of the inner frame coupled to the fnner covering of the outer frame to close the

ventricle end of the anvular region, opposite the pocket covering.

5. The prosthetic heart valve of claim 1, wherein the tuner valve assernbly includes an atrium
end having a periphery formed with multiple arches and wherein the pocket closure is

coupled along the periphery of the upper end.

6. The prosthetic heart valve of claim 1, wherein the outer frame assernbly has an annulus
portion between the atrium end and the ventricle end, the annulus portion having a perimeter
that 18 sized to fit into an annulus of an atrioventricular valve, the atrium end of the outer
frare assembly having a perimeter that i3 substantially larger than the perimeter of the
medial portion, cach of the atrium ond and the annulus portion being D-shaped 1o cross

section.

7. The prosthetic heart valve of claim 1, wherein the inner frame 18 formed of an expanded

shape memory metal.

8. The prosthetic heart valve of claim 1, wherein the outer frame is formed of an cxpanded

shape memory metal.

8. The prosthetic heart valve of claim 1, wherein the pocket closure is formed at least in part
5 A

of a material having a pore size less than about 160 p.

19, The prosthetic heart valve of claim 9, wherein the pocket closure s formed at least in

part of a material having a pore size between about 90 i and about 120 w.

11, The prosthetic heart valve of claim 1, wherein the pocket closure is formed at least in part

of a material that i1s one of a woven material, a knit material, or 4 non-woven material.
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12. A prosthetic heart valve comprising:
an outer frame assembly having an atrium porhion, a vendricle portion, and an annulus portion
between the atrium portion and the ventricle portion,
the ventricle portion having a maxirnurn perimcter larger than a maxirour perimeter
of the annulus portion,
the ventricle portion having a roininmum perimeter smaller than a minimum perimeter
of the annulas portion,
the annulus portion have an hourglass shape with a minimum perimeter disposed
between a larger perimeter near the atrium portion and a larger perirocter near
the ventricle portion;
an iner valve assembly wnchuding an inner frame haviog an atrium end and a vendricle end,
the inner valve assembly coupled to the outer frame assembly by a connection
between the ventricle end of the inner frame and the ventricle portion of the
outer frame assemibly,
the inner frame asserably extending from the connection towards the atrium portion of
the outer frame assembly,
the mnner frarae assembly and the ocuter frame assembly diverging from the connection
towards the atrium portion of the outer frame assembly,
the annulus portion of the outer frame assembly being spaced radially from the inner valve
asserubly and radially wnwardly deflectable towards the fnner valve asserably to
accommuodate in the anmulus portion a natural valve annulus having a perimeter

smaller than the minimurm perimeter of the anuulus portion.

13. The prosthetic heart valve of ¢laim 12, wherein cach of the atrium portion and the
A >

annulus portion of the outer frame assembly s D-shaped in cross section.

14, The prosthetic heart valve of ¢laim 12, wherein the inner frame 1s formed of an expanded
b

shape memory metal.

15. The prosthetic heart valve of claim 12, wherein the outer frame 1s formed of an expanded

shape meroory metal.

16. A prosthetic heart valve comprising:

an outer frame assembly having an atrium portion, a veniricle portion, and an annulus portion
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ctween the atrium portion and the ventricle portion;

an inner valve assembly including an inner frame having an atrium end and a veniricle end,

the inner valve assembly coupled to the outer frame assembly by a connection between the
ventricle end of the inner frame and the ventricle portion of the outer frarae assembly,

the inner frame assembly extending from the connection towards the atrium portion of the
outer frame assembly,

the inner frame asserbly and the outer frame assembly diverging from the connection
towards the atrium portion of the outer frame assembly,

the annulus portion and the atrium portion of the outer fraroe assembly being spaced radially
from the inner valve assembly and being radially inwardly deflectable towards the
mner valve assembly,

cach of the atrium portion, the ventricle portion, and the annulus portion of the outer frame
assembly having a stiffness i resistance to radial corpression, the stiffuess of the

annulus portion being less than the stiffuess of the ventricle portion.

17. The prosthetic heart valve of claim 16, wherein each of the atrium portion and the

annulus portion of the outer frame assernbly is D-shaped in cross section.

18. The prosthetic heart valve of claim 16, wherein the inner frame s formed of an expanded

shape memory metal.

19, The prosthetic beart valve of claim 16, wheremn the outer frame s formed of an expanded

shape memory metal.

28. The prosthetic heart valve of claim 16, wherein the stiffness of the ventricle portion of

the outer frarnc assembly is greater than the stiffness of the annulus portion.

21. The prosthetic heart valve of claim 16, wherein the stiffness of the ventricle portion of

the outer frame asserbly is less than the stiffness of the annulus portion.

22, Aself-expanding pro~configured comapressible transcatheter prosthetic cardiovascular
valve that comprises an atrial thrombogenic sealing pocket cover disposed between a seif-
expanding nner wire frame and a self-expanding annular tissue-covered outer wire frame,

said inner wire frame having articulating tissue leaflets that define a valve function, said inner
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wire frame 18 disposed within the outer wire frame, said outer wire frame having an
articulating circumferential collar, forming a moulii-coraponent prosthetic valve assembly for

anchoring within the mitral valve or tricuspid valve of the heart.

23. A method of treating a disease or disorder of a heart valve in a patient, which comprises
the step of surgically deploying the prosthetic heart valve according to claim 22 into the

native anmiius of the heart valve of the patient.

24, The method of claim 22, wherein the native annubus 1s the mitral valve annulus or the

tricuspid valve annulus.

25. A self-expanding pre-configured compressible transcatheter prosthetic cardiovascular
valve that comprises an atrial halo flaid sealing device mounted on a self-expanding inner
wire frame having a leaflet structure comprised of articulating leaficts that define a valve
function, wherein said inner wive frame is disposed within a self~expanding avnular tissue-
covered outer wire frame, said outer wire frame haviong an articulating collar, together
formaing & multi-component prosthetic valve asserably for anchoring within the mutral valve

or triscuspid vaive of the heart.

26. A method of treating a disease or disorder of a heart valve in a patient, which comprises
the step of surgically deploying the prosthetic heart valve according fo claim 26 into the

native anouius of the heart valve of the patient.

27. The method of claim 25, wherein the native annulus 18 the mitral valve annulus or the

tricuspid valve annulus.
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A prosthetic heart valve with an outer and an inner frame
assembly. A thrombus retaining pocket is coupled between
inner and outer frame assembly.

2. claims: 12-21

A prosthetic heart valve with an outer and an inner frame
assembly. The outer frame assembly has a deflectable annulus
portion to accommodate in the annulus portion of the natural
valve.
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