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(57) Abstract: One aspect of the invention provides a method for endovascularly replacing a heart valve of a patient. In some em-
\& bodiments the method includes the steps of endovascularly delivering a replacement valve and an expandable anchor to a vicinity
& of the heart valve in an unexpanded configuration; expanding the anchor to a deployed configuration in which the anchor contacts
I, tissue at an anchor site; optionally repositioning the anchor in the anchor site; and deploying the anchor at the anchor site. In some
& embodiments the deploying step include the steps of actively foreshortening the anchor via an actuation force delivered by a deploy-
& ment tool and thereafter releasing the anchor from the deployment tool. The delivering step may include the step of delivering the

replacement heart valve coupled to the anchor or, alternatively, separate from the anchor, in which case the method further includes

the step of attaching the replacement valve to the anchor. The anchor may be made from an expandable braid. In some embodiments,

the apparatus herein further comprises a lock or a plurality of locks configured to maintain expansion of the braid. The anchor and
g valve may also be retrieved into a delivery catheter.
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REPOSITIONABLE HEART VALVE

BACKGROUND OF THE INVENTION

The present invention relates to methods and apparatus for endovascularly replacing a
heart valve. More particularly, the present invention relates to methods and apparatus for
percutaneously replacing a heart valve with a replacement valve using an expandable and
retrievable anchor.

Heart valve surgery is used to repair or replace diseased heart valves. Valve surgery
is an open-heart procedure conducted under general anesthesia. An incision is made through
the patient’s sternum (sternotomy), and the patient’s heart is stopped while blood flow is
rerouted through a heart-lung bypass machine.

Valve replacement may be indicated when there is a narrowing of the native heart
valve, commonly referred to as stenosis, or when the native valve leaks or regurgitates.
When replacing the valve, the native valve is excised and replaced with either a biologic or a
mechanical valve. Mechanical valves require lifelong anticoagulant medication to prevent
blood clot formation, and clicking of the valve often may be heard through the chest.
Biologic tissue valves typically do not require such medication. Tissue valves may be
obtained from cadavers or may be porcine or bovine, and are commonly attached to synthetic
rings that are secured to the patient’s heart.

Valve replacement surgery is a highly invasive operation with significant concomitant
risk. Risks include bleeding, infection, stroke, heart attack, arrthythmia, renal failure, adverse
reactions to the anesthesia medications, as well as sudden death. 2-5% of patients die during
surgery.

Post-surgery, patients temporarily may be confused due to emboli and other factors
associated with the heart-lung machine. The first 2-3 days following surgery are spent in an
intensive care unit where heart functions can be closely monitored. The average hospital stay
is between 1 to 2 weeks, with several more weeks to months required for complete recovery.

In recent years, advancements in minimally invasive surgery and interventional
cardiology have encouraged some investigators to pursue percutaneous replacement of the
aortic heart valve. Percutaneous Valve Technologies (“PVT”) of Fort Lee, New Jersey, has
developed a balloon-expandable stent integrated with a bioprosthetic valve. The stent/valve
device is deployed across the native diseased valve to permanently hold the valve open,

thereby alleviating a need to excise the native valve and to position the bioprosthetic valve in
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place of the native valve. PVT’s device is designed for delivery in a cardiac catheterization
laboratory under local anesthesia using fluoroscopic guidance, thereby avoiding general
anesthesia and open-heart surgery. The device was first implanted in a patient in April of
2002.

PVT’s device suffers from several drawbacks. Deployment of PVT’s stent is not
reversible, and the stent is not retrievable. This is a critical drawback because improper
positioning too far up towards the aorta risks blocking the coronary ostia of the patient.
Furthermore, a mispl%ced stent/valve in the other direction (away from the aorta, closer to the
ventricle) will impinge on the mitral apparatus and eventually wear through the leaflet as the
leaflet continuously rubs against the edge of the stent/valve.

Another drawback of the PVT device is its relatively large cross-sectional delivery
profile. The PVT system’s stent/valve combination is mounted onto a delivery balloon,
making retrograde delivery through the aorta challenging. An antegrade transseptal approach
may therefore be needed, requiring puncture of the septum and routing through the mitral
valve, which significantly increases complexity and risk of the procedure. Very few
cardiologists are currently trained in performing a transseptal puncture, which is a
challenging procedure by itself.

Other prior art replacement heart valves use self-expanding stents as anchors. In the
endovascular aortic valve replacement procedure, accurate placement of aortic valves relative
to coronary ostia and the mitral valve is critical. Standard self-expanding systems have very
poor accuracy in deployment, however. Often the proximal end of the stent is not released
from the delivery system until accurate placement is verified by fluoroscopy, and the stent
typically jumps once released. It is therefore often impossible to know where the ends of the
stent will be with respect to the native valve, the coronary ostia and the mitral valve.

Also, visualization of the way the new valve is functioning prior to final deployment
is very desirable. Visualization prior to final and irreversible deployment cannot be done
with standard self-expanding systems, however, and the replacement valve is often not fully
functional before final deployment. ‘

Another drawback of prior art self-expanding replacement heart valve systems is their
lack of radial strength. In order for self-expanding systems to be easily delivered through a
delivery sheath, the metal needs to flex and bend inside the delivery catheter without being
plastically deformed. In arterial stents, this is not a challenge, and there are many

commercial arterial stent systems that apply adequate radial force against the vessel wall and
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yet can collapse to a small enough of a diameter to fit inside a delivery catheter without
plastically deforming.

However when the stent has a valve fastened inside it, as is the case in aortic valve
replacement, the anchoring of the stent to vessel walls is significantly challenged during
diastole. The force to hold back arterial pressure and prevent blood from going back inside
the ventricle during diastole will be directly transferred to the stent/vessel wall interface.
Therefore the amount of radial force required to keep the self expanding stent/valve in
contact with the vessel wall and not sliding will be much higher than in stents that do not
have valves inside of them. Moreover, a self-expanding stent without sufficient radial force
will end up dilating and contracting with each heartbeat, thereby distorting the valve,
affecting its function and possibly migrating and dislodging completely. Simply increasing
strut thickness of the self-expanding stent is not a practical solution as it runs the risk of
larger profile and/or plastic deformation of the self-expanding stent.

U.S. patent application Serial No. 2002/0151970 to Garrison et al. describes a two-
piece device for replacement of the aortic valve that is adapted for delivery through a
patient’s aorta. A stent is percutaneously placed across the native valve, then a replacement
valve is positioned within the lumen of the stent. By separating the stent and the valve during
delivery, a profile of the device’s delivery system may be sufficiently reduced to allow aortic
delivery without requiring a transseptal approach. Both the stent and a frame of the
replacement valve may be balloon-expandable or self-expanding.

While providing fdr an aortic approach, devices described in the Garrison patent
application suffer from several drawbacks. First, the stent portion of the device is delivered
across the native valve as a single piece in a single step, which precludes dynamic
repositioning of the stent during delivery. Stent foreshortening or migration during
expansion may lead to improper alignment.

Additionally, Garrison’s stent simply crushes the native valve leaflets against the
heart wall and does not engage the leaflets in a manner that would provide positive
registration of the device relative to the native position of the valve. This increases an
immediate risk of blocking the coronary ostia, as well as a longer-term risk of migration of
the device post-implantation. Furtherstill, the stent comprises openings or gaps in which the
replacement valve is seated post-delivery. Tissue may protrude through these gaps, thereby

increasing a risk of improper seating of the valve within the stent.
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In view of drawbacks associated with previously known techniques for
percutaneously replacing a heart valve, it would be desirable to provide methods and

apparatus that overcome those drawbacks.

SUMMARY OF THE INVENTION

One aspect of the invention provides a method for endovascularly replacing a heart
valve of a patient. In some embodiments the method includes the steps of endovascularly
delivering a replacement valve and an expandable anchor to a vicinity of the heart valve in an
unexpanded configuration; expanding the anchor to a deployed configuration in which the
anchor contacts tissue at an anchor site; repositioning the anchor in the anchor site; and
deploying the anchor at the anchor site. The repositioning step may include the step of
contracting the anchor and re-expanding the anchor at the anchor site for finer repositioning.
The contracting step may include the step of applying an external non-hydraulic or non-
pneumatic actuation force on the anchor.

In another aspect of the invention provides a method for endovascularly replacing a
heart valve of a patient. In some embodiments the method includes the steps of
endovascularly or percutaneously delivering a replacement valve and an expandable anchor
to a vicinity of the heart valve in an unexpanded configuration; expanding the anchor to a
deployed configuration in which the anchor contacts tissue at a first anchor site; repositioning
the anchor to a second anchor site; and deploying the anchor at the second anchor site. The
repositioning step may include the step of contracting the anchor and reexpanding the anchor
at the second anchor site. The contracting step may includes the step of applying an external
non-hydraulic or non-pneumatic actuation force on the anchor.

In some embodiments the deploying step includes the step of releasing the anchor
from a deployment tool. The delivering step may include the step of delivering the
replacement heart valve coupled to the anchor or, alternatively, separate from the anchor, in
which case the method further includes the step of attaching the replacement valve to the
anchor. .

In instances in which the heart valve is an aortic valve, the delivering step may
include the step of endovascularly or percutaneously delivering the expandable anchor and
replacement valve to the vicinity of the aortic valve along a retrograde approach.

In some embodiments the deploying step may include the step of expanding a balloon

within the anchor, and in some embodiments the deploying step may include the step of
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locking the anchor in an expanded configuration. Proximal and distal regions of the anchor
may be expanded separately.

The invention may also include the step of registering the anchor with the first or
second anchor site, such as by contacting tissue of the heart valve to resist movement of the
anchor in at least a proximal or a distal direction prior to deploying the anchor.

Another aspect of the invention provides a method for percutaneously replacing a
heart valve of a patient. The method includes the steps of percutaneously delivering a
replacement valve and an expandable anchor to a vicinity of the heart valve in an unexpanded
configuration; expanding the anchor to an expanded configuration in which the anchor
contacts tissue at an anchor site, such as first a force of at least one pound, visually observing
the anchor location; and releasing the anchor from a deployment tool. The replacement valve
may be delivered coupled to the anchor or separate from the anchor, in which case the
method also includes the step of attaching the valve to the anchor.

In some embodiments the method further includes the step of repositioning the anchor
to a second anchor site after the observing step and before the releasing step. In some
embodiments the expanding step includes the step of applying an external non-hydraulic or
non-pneumatic actuation force on the anchor, and in some embodiments the method further
includes the step of expanding a balloon within the anchor after the observing step. The
method may include the step of registering the anchor with the anchor site.

One aspect of the present invention provides an apparatus for endovascularly
replacing a patient’s native heart valve. The apparatus comprises an anchor having an
expandable braid and a replacement valve adapted to be secured within the patient. In some
embodiments, the expandable braid of the anchor is fabricated from a single strand of wire.
In some embodiments, the expandable braid comprises at least one edge feature. The anchor
and the replacement valve preferably are configured for endovascular delivery and ‘
deployment.

The present invention relates to an apparatus for replacing a patient’s native heart
valve. The apparatus comprises an anchor having an expandable braid adapted for
endovascular delivery. The anchor is further adapted for expansion via active foreshortening
at an anchor site within the native valve. The apparatus also includes a replacement valve
adapted to be secured within the patient. In some embodiments, the anchor braid is further
adapted to remain substantially undeformed in response to a pressure up to 0.5 atm or 2 atm
directed substantially radially inward toward the central axis. In some embodiments, the

anchor braid comprises a first region and a second region having a diameter larger than a
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diameter of the first region when the anchor is expanded. In some embodiments, the anchor
braid is configured to have an expanded shape that is radially symmetrical, bilaterally
symmetrical, or asymmetrical. In some embodiments, the anchor comprises first and second
wires, the first wire having a diameter smaller than a diameter of the second wire. In some
embodiments, the anchor comprises first and second wires formed from different materials.
In some embodiments, the anchor has a collapsed delivery configuration, an at-rest
configuration and an expanded deployed configuration.

In some embodiments, the apparatus herein further comprises a lock or a
plurality of locks configured to maintain expansion of the braid. In some embodiments, the
apparatus herein further comprises a valve support adapted to support the replacement valve
within the anchor. In some embodiments, the anchor herein comprises a distal deployment
system interface at a distal end of the anchor, the distal deployment system interface being
adapted to permit a deployment system to apply a proximally directed force on the distal end
of the anchor. In some embodiments, the anchor comprises a proximal deployment system
interface at a proximal end of the anchor, the proximal deployment system interface being
adapted to permit a deployment system to apply a distally directed force on the proximal end
of the anchor.

One aspect of the present invention provides methods for replacing a native aortic
valve. Such methods involve endovascularly delivering a replacement valve and an anchor
having an expandable braid. Delivery is preferably made to a site within the native aortic
valve. Delivery is preferably made by actively foreshortening the anchor to radially expand
the anchor to an expanded shape to secure the anchor at the anchor site. In some
embodiments, the methods further include the step of locking the anchor in an expanded
shape. In some embodiments, the methods include expanding a first step region of the anchor
to a first diameter and a second region of the anchor to a second diameter larger than the first
diameter.

In some embodiments, the foreshortening step of the methods herein
comprises actively foreshortening the anchor to radially expand the anchor to an expanded
shape to secure the anchor at the anchor site while avoiding interference with a mitral valve.
In some embodiments, the foreshortening step comprises actively foreshortening the anchor
to radially expand the anchor to a radially symmetrical expanded shape, a bilaterally
symmetrical expanded shape or an asymmetrical expanded shape.

In some embodiments, the anchor is allowed to self-expand prior to the

foreshortening step. In some embodiments, the foreshortening step comprises applying a
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proximally directed force on a deployment system interface at a proximal end or a distal end
of the anchor. In some embodiments, the foreshortening step comprises applying a distally
directed force on a deployment system interface at a proximal end of the anchor.

The present invention relates to an apparatus for replacing a native aortic valve, the
apparatus includes an expandable anchor adapted to be endovascularly delivered and secured
at a site within the native aortic valve. The expandable anchor has a delivery length in a
delivery configuration substantially greater than a deployed length in a deployed
configuration. The apparatus may also include and a replacement valve configured to be
secured within the anchor.

In some embodiments, the delivery length is between about 15 mm and about 150 mm
and the deployed length is between about 5 mm and about 40 mm. In some embodiments,
the apparatus has a ratio of delivery length to deployed length that is between about 0.05 and
about 0.5; between about 0.1 and about 0.35; or between about 0.15 and about 0.25. In some
embodiments, the apparatus herein includes an anchor that has an at-rest configuration and
wherein the anchor includes a shape memory material that is heat set in the at-rest
configuration. The at-rest configuration may have a length between the delivery length and
the deployed length.

In some embodiments, the apparatus herein has an anchor that is configured for active
foreshortening during endovascular deployment. The apparatus may also include a lock or a
plurality of locks configured to maintain expansion of the anchor. The lock(s) may also be
donﬁgured to maintain expansion of the anchor at a plurality of amounts of expansion,
thereby conferring non cylindrical shapes to the apparatus.

In any of the embodiments herein, the apparatus may further include a valve support
adapted to support the replacement valve within the anchor. The valve support may also
include a lock that is an extension of the valve support.

In any of the embodiments herein, the apparatus may include a distal deployment
system interface disposed at a distal end of the anchor, the distal deployment system interface
being adapted to permit a deployment system to apply a proximally directed force on the
distal end of the anchor. The distal deployment system interface may further be adapted to
expand radially during application of a proximally directed force on the distal end of the
anchor. The distal deployment system interface may further be adapted to permit a
deployment system to apply a proximally directed force on the distal end of the anchor
without passing any portion of a deployment system through a center opening of the

replacement valve.
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In some embodiments, the apparatus herein may include an anchor, wherein the
anchor includes a proximal deployment system interface at a proximal end of the anchor, the
proximal deployment system interface being adapted to permit a deployment system to apply
a distally directed force on the proximal end of the anchor. The proximal deployment system
interface may further be adapted to expand radially during application of a distally directed
force on the proximal end of the anchor. The proximal deployment system interface may
further be adapted to permit a deployment system to apply a distally directed force on the
proximal end of the anchor through a plurality of deployment system fingers.

The invention provides apparatus and methods for endovascularly replacing a
patient’s heart valve. One aspect of the invention provides an apparatus including: an
expandable anchor with a lip region and a skirt region; and a replacement valve, wherein the
lip region and skirt region are configured for percutaneous expansion (e.g., independent
expansion or concurrent expansion) to engage leaflets of the heart valve. The lip and/or skirt
regions may be adapted to preclude migration of the appaiatus post-deployment and
expansion. Expansion of the anchor and replacement valve may be by balloon-expansion,
self-expansion, and combinations thereof. A locking element may be provided to maintain
expansion. |

The invention also includes a delivery system that facilitates deployment and
expansion of the apparatus to endovascularly replace the heart valve and, in some
embodiments, retrieve the apparatus.

Another aspect of the invention provides a method for endovascularly replacing a
patient’s heart valve. In some embodiments the method includes the steps of:
endovascularly delivering apparatus having an anchor having lip and skirt regions, and a
replacement valve coupled to the anchor, to a vicinity of the heart valve in a collapsed
delivery configuration; and expanding the apparatus such that leaflets of the heart valve are
captured between the lip and skirt regions of the anchor. The expanding step of the method
may include the step of dynamically repositioning the apparatus relative to the heart valve
prior to capturing the leaflets. The expanding step may also include the steps of expanding
either the lip region or the skirt region, positively engaging the heart valve with the expanded
lip or skirt region, and then expanding the unexpanded region. The apparatus may be
retrieved, repositioned and redeployed, and the apparatus may be locked in its expanded
configuration.

One aspect of the invention provides an apparatus for endovascularly replacing a

patient’s heart valve. The apparatus includes: an expandable anchor and a replacement valve,
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wherein both are adapted for percutaneous delivery and deployment. The expandable anchor
further includes a leaflet engagement element on its pro’ximal’end to engage the leaflets of the
patient’s heart valve. When the leaflets engagement element is engaged, the anchor is
substantially distal to the coronary ostia of the patient. Moreover, once engaged, the leaflet
engagement element prevents the distal movement of the anchor. In some embodiments, the
leaflet engagement element is integral with the anchor or part of the anchor (especially when
the anchor is an anchor braid). In other embodiments, the leaflet engagement element is
attached to the proximal end of the anchor. In any of the embodiments herein, the anchor
may be adapted for active foreshortening during deployment. Active foreshortening can
occur by actuating the proximal and/or distal actuation elements of the anchor. The anchor
herein may also be configured for locking and may include a locking element. The
replacement valve of the apparatus herein is situated within the anchor and is adapted to
permit blood flow and prevent blood backflow both during and after deployment.

Another aspect of the invention provides a method for endovascularly replacing a
patient’s heart valve. In some embodiments the method includes the steps of:
endovascularly delivering an anchor comprising a leaflet engagement element on its proximal
end and a replacement valve supported within the anchor to a vicinity of the heart valve in a
collapsed delivery configuration; unsheathing the anchor allowing it to take a relaxed
configuration intermediate between its sheathed and expanded configurations; expanding the
anchor; and, engaging the leaflet engagement element with the native leaflets. The
expanding step may further comprise actively foreshortening the anchor. Active
foreshortening can include actuating proximal and/or distal actuation elements of the anchor.
The method may also include the step of locking the anchor aftér it is in its deployed
configuration. In some embodiments, when the anchor engages the patient’s heart, the
anchor is substantially distal to the coronary ostia. In any of the embodiments herein, leaflet
engagement element prevents the anchor from distally migrating at its proximal end.

One aspect of the invention provides an apparatus for endovascularly replacing a
patient’s heart valve. The apparatus includes: an expandable anchor and a replacement valve,
wherein both are adapted for percutaneous delivery and deployment. The expandable anchor
further includes a leaflet engagement element on its proximal end to engage the leaflets of the
patient’s heart valve. When the leaflets engagement element is engaged, the anchor is
substantially distal to the coronary ostia of the patient. Moreover, once engaged, the leaflet
engagement element prevents the distal movement of the anchor. In some embodiments, the

leaflet engagement element is integral with the anchor or part of the anchor (especially when
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the anchor is an anchor braid). In other embodiments, the leaflet engagement element is
attached to the proximal end of the anchor. In any of the embodiments herein, the anchor
may be adapted for active foreshortening during deployment. Active foreshortening can
occur by actuating the proximal and/or distal actuation elements of the anchor. The anchor
herein may also be configured for locking and may include a locking element. The
replacement valve of the apparatus herein is situated within the anchor and is adapted to
permit blood flow and prevent blood backflow both during and after deployment.

Another aspect of the invention provides a method for endovascularly replacing a
patient’s heart valve. In some embodiments the method includes the steps of:
endovascularly delivering an anchor comprising a leaflet engagement element on its proximal
end and a replacement valve supported within the anchor to a vicinity of the heart valve in a
collapsed delivery configuration; unsheathing the anchor allowing it to take a relaxed
configuration intermediate between its sheathed and expanded configurations; expanding the
anchor; and, engaging the leaflet engagement element with the native leaflets. The
expanding step may further comprise actively foreshortening the anchor. Active
foreshortening can include actuating proximal and/or distal actuation elements of the anchor.
The method may also include the step of locking the anchor after it is in its deployed
configuration. In some embodiments, when the anchor engages the patient’s heart, the
anchor is substantially distal to the coronary ostia. In any of the embodiments herein, leaflet
engagement element prevents the anchor from distally migrating at its proximal end.

The invention includes methods of and apparatus for endovascularly replacing a heart
valve of a patient. One aspect of the invention provides a method including the steps of
endovascularly delivering a replacement valve and an expandable anchor to a vicinity of the
heart valve in an unexpanded configuration; and applying an external non-hydraulic or non-
pneumatic actuation force on the anchor to change the shape of the anchor, such as by
applying proximally and/or distally directed force on the anchor using a releasable
deployment tool to expand and contract the anchor or parts of the anchor. The method may
also include the step of applying a radially outwardly directed force comprises expanding a
balloon within the anchor, such as by expanding a balloon. The anchor may be locked in its
expanded configuration.

Some embodiments of the method may include the step of registering the anchor with
an anatomical landmark in an anchor location and deploying the anchor at the anchor

location, such as by contacting tissue of the heart valve (e.g., a native valve leaflet) to resist
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movement of the anchor in at least a proximal or a distal direction prior to deploying the
anchor.

Another aspect of the invention provides an apparatus for endovascularly replacing a
patient’s heart valve, including: a replacement valve; an anchor; and a deployment tool
adapted to apply a non-hydraulic or non-pneumatic actuation force on the anchor to reshape
the anchor, such as a proximally or distally directed force to expand or coniract regions of the
anchor. The deployment tool may be releasable. An anchor lock may be provided to lock the
anchor in a deployed configuration, and there may also be a lock prevention element
actuatable from outside the patient.

The apparatus may also include a registration element adapted, e.g., to extend radially
outward from the anchor to entrap at least part of the heart valve.

Another aspect of the invention provides an apparatus for endovascularly replacing a
patient’s heart valve, including: an anchor having a collapsed delivery configuration and an
expanded deployed configuration; and a replacement valve coupled to the anchor, wherein
the anchor comprises enhanced radial strength in the expanded deployed configuration as
compared to the collapsed delivery configuration due to imposed foreshortening. The
apparatus may include a locking mechanism for maintaining imposed foreshortening, and it
may be configured for retrieval prior to actuation of the locking mechanism. The apparatus
may also include a delivery system configured for percutaneous delivery, deployment and
foreshortening of the anchor.

In some embodiments the anchor is at least partially covered by a biocompatible film
and perhaps an element configured to reduce paravalvular leakage or regurgitation.

Yet another aspect of the invention provides a method for endovascularly replacing a
patient’s heart valve. In some embodiments the method includes the steps of: providing
apparatus comprising an expandable anchor having a replacement valve coupled thereto;
endovascularly delivering the apparatus to a vicinity of the heart valve in a collapsed delivery
configuration; expanding the apparatus to a partially deployed configuration; and actively
foreshortening the anchor to a fully deployed configuration comprising enhanced radial
strength, such that the anchor displaces the patient’ s heart valve, and the replacement valve
regulates blood flow.

Still another aspect of the invention provides an apparatus for endovascularly
replacing a patient’s heart valve, with the apparatus including: an anchor; a replacement
valve coupled to the anchor; and a delivery system, wherein the delivery system is configured

to retrieve the anchor and replacement valve post-deployment. The delivery system may also
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be further configured for percutaneous delivery, deployment and foreshortening of the
anchor.

The invention includes methods of and apparatus for endovascularly replacing a heart
valve of a patient. One aspect of the invention provides a method including the steps of
endovascularly delivering a replacement valve and an expandable anchor to a vicinity of the
heart valve in an unexpanded configuration; and applying an external non-hydraulically
expanding or non-pneumatically expanding actuation force on the anchor through a plurality
of anchor actuation elements to change the shape of the anchor, such as by applying a
proximally and/or distally directed force on the anchor through anchor actuation elements to
change the shape of the anchor. The anchor may be locked in its expanded configuration.

Another aspect of the invention provides an apparatus for endovascularly replacing a
patient’s heart valve, including: a replacement valve; an anchor; and a deployment tool
comprising a plurality of anchor actuation elements adapted to apply a non-hydraulically
expanding or non-pneumatically expanding actuation force on the anchor to reshape the
anchor. An anchor lock may be provided to lock the anchor in a deployed configuration, and
there may also be a lock prevention element actuatable from outside the patient. Optionally,
the anchor lock may be reversible.

Other aspects of the invention include methods and apparatuses for endovascularly,
percutaneously and/or endoscopically delivering and deploying expandable devices in a
patient and optionally detachiné a deployment tool from the device.

One aspect of the invention provides a method for endovascularly replacing a heart
valve of a patient. In some embodiments the method includes the steps of: endovascularly
delivering a replacement valve and an expandable anchor in an unexpanded configuration
within a catheter to a vicinity of the heart valve; deploying the anchor from the catheter;
expanding the anchor to contact tissue at an anchor site; and retrieving the anchor into the
catheter. Expansion of the anchor may include application of an actuation force on the
anchor, such as a proximally or distally directed force, to expand or contract at least a region
of the anchor.

Another aspect of the invention provides an apparatus for endovascularly replacing a
heart valve, including: a catheter; a replacement valve configured to be disposed within the
catheter for delivery to a vicinity of the heart valve; and an expandable anchor configured to
be disposed within the catheter for delivery to a vicinity of the heart valve, to be deployed
from the catheter, to be expanded to contact tissue at an anchor site and to be retrieved back

into the catheter after having been expanded. The apparatus may also include a deployment
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tool configured to apply an actuation force to the anchor—such as a proximally or distally
directed force—when the anchor is in the vicinity of the heart valve.

The invention includes methods of and apparatus for endovascularly replacing a heart
valve of a patient. One aspect of the invention provides a method for endovascularly
replacing a patient’s heart valve, including the steps of: endovascularly delivering a
replacement valve and an expandable anchor in an unexpanded configuration within a sheath
to a vicinity of the heart valve; deploying the anchor from the sheath; expanding the anchor
with a deployment tool comprising a plurality of actuation elements to contact tissue at an
anchor site; and retrieving the anchor into the sheath.

Another aspect of the invention provides apparatus for endovascularly replacing a
patient’s heart valve, including: a sheath; a deployment tool comprising a plurality of anchor
actuation elements; a replacement valve configured to be disposed within the sheath for
delivery to a vicinity of the heart valve; and an expandéble anchor configured to be disposed
within the sheath for delivery to the vicinity of the heart valve, to be deployed from the
sheath, to be expanded by fhe deployment tool to contact tissue at an anchor site and to be
retrieved back into the sheath after having been expanded.

Other aspects of the invention include methods and apparatuses for endovascularly,
percutaneously and/or endoscopically delivering, deploying and optionally retrieving
expandable devices into and from a patient.

One aspect of the invention provides an apparatus for endovascularly replacing a
patient’s heart valve, including: a delivery catheter having a diameter of 21 french or less; an
expandable anchor disposed within the delivery catheter; and a replacement valve disposed
within the delivery catheter. The replacement valve may be coupled to the anchor within the
catheter, and the catheter may be adapted to deliver the anchor and replacement valve to an
aortic valve along a retrograde approach. The apparatus may also include a deployment tool
coupled to the anchor within the catheter and an expandable balloon disposed within the
delivery catheter, the balloon being adapted to expand the anchor. In some embodiments the
balloon is disposed within the catheter apart from the anchor and the replacement valve.

Another aspect of the invention provides a method for endovascularly replacing a
heart valve of a patient. In some embodiments the method includes the steps of: inserting a
catheter having a diameter no more than 21 french into the patient; endovascularly delivering
a replacment valve and an expandable anchor to a vicinity of the heart valve through the
catheter; and deploying the anchor and the replacement valve. In embodiments in which the

heart valve is an aortic valve, the inserting step may include the step of inserting the catheter
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to the vicinity of the aortic valve along a retrograde approach. The method’s deploying step
may include the steps of endovascularly delivering an anchor deployment tool through the
catheter and actuating the anchor with the deployment tool, such as by applying proximally
or distally directed forces on the anchor. The method may also include the steps of
endovascularly delivering an expandable balloon through the catheter to the vicinity of the
heart valve and using the balloon to expand the anchor. The balloon may be delivered apart
from the anchor. The anchor may be retrieved back into the catheter after having been
expanded.

One aspect of the invention provides an apparatus for endovascularly replacing a
patient’s heart valve, including: a replacement valve adapted to be delivered endovascularly
to a vicinity of the heart valve; an expandable anchor adapted to be delivered endovascularly
to the vicinity of the heart valve; and a lock mechanism configured to maintain a minimum
amount of anchor expansion. The lock mechanism may include first and second mating
interlocking elements. An actuator may be provided to apply an actuation force on the
anchor.

Another aspect of the invention provides a method for endovascularly replacing a
patient’s heart valve. In some embodiments the method includes the steps of:
endovascularly delivering a replacement valve and an expandable anchor to a vicinity of the
heart valve; expanding the anchor to a deployed configuration; and locking the anchor in the
deployed configuration.

Yet another aspect of the invention provides an apparatus for endovascularly
replacing a patient’s heart valve, including: an anchor comprising a lip region and a skirt
region; a replacement valve coupled to the anchor; and a lock, wherein the lip region and
skirt region are configured for percutaneous expansion to engage the patient’s heart valve,
and wherein the lock is configured to maintain such expansion.

One aspect of the invention provides an apparatus for endovascularly replacing a
patient’s heart valve, including: a custom-designed anchor; and a replacement valve,
wherein the custom-designed anchor is adapted to engage native leaflets of the heart valve,
and wherein the anchor and the valve are adapted for in vivo expansion and coupling to one
another to form composite apparatus that endovascularly replaces the heart valve.

Another aspect of the invention provides a method for endovascularly replacing a
patient’s heart valve. In some embodiments the method includes the steps of: providing
apparatus comprising an anchor piece and a replacement valve piece; endovascularly

delivering the anchor piece to a vicinity of the heart valve in a collapsed delivery
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c;nﬁguration; expanding the anchor piece to a deployed configuration; engaging at least one
valve leaflet of the heart valve with the anchor piece; endovascularly delivering the
replacement valve piece to the vicinity of the heart valve in a collapsed delivery
configuration; expanding the replacement valve piece to a deployed configuration; and
coupling the valve piece to the anchor piece in vivo to form composite two-piece apparatus
that endovascularly replaces the patient’s heart valve.

Yet another aspect of the invention provides an apparatus for endovascularly
replacing a patient’s heart valve, including: an anchor having a first portion of an
alignment/locking mechanism; and a replacement valve having a second portion of the
alignment/locking mechanism, wherein the anchor and the valve are adapted for in vivo
expansion and coupling to one another to form composite apparatus that endovascularly
replaces the patient’s heart valve.

Still another aspect of the invention provides a method for endovascularly replacing a
patient’s heart valve. In some embodiments the method includes the steps of:
endovascularly delivering an anchor piece having a first portion of an alignment/locking
mechanism to a vicinity of the heart valve in a collapsed delivery configuration; expanding
the anchor piece to a deployed configuration such that the anchor piece displaces the patient’s
heart valve; endovascularly delivering a replacement valve piece having a second portion of
the alignment/locking mechanism to the vicinity of the heart valve in a collapsed délivery
configuration; expanding the replacement valve piece to a deployed configuration; and
coupling the valve piece to the anchor piece in vivo by securing the first and second portions
of the alignment/locking mechanism to one another, thereby forming composite two-piece

apparatus that endovascularly replaces the patient’s heart valve.

INCORPORATION BY REFERENCE
[0001] All publications and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication or patent

application was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS
Figures 1A-B are elevational views of a replacement heart valve and anchor according
to one embodiment of the invention.

Figures 2A-B are sectional views of the anchor and valve of Figures 1.
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Figures 3A-B show delivery and deployment of a replacement heart valve and anchor,
such as the anchor and valve of Figures 1 and 2.

Figures 4A-F also show delivery and deployment of a replacement heart valve and
anchor, such as the anchor and valve of Figures 1 and 2.

Figures 5A-I show the use of a replacement heart valve and anchor to replace an
aortic valve.

Figures 6A-F show the use of a replacement heart valve and anchor with a positive
registration feature to replace an aortic valve.

Figure 7 shows the the use of a replacement heart valve and anchor with an alternative
positive registration feature to replace an aortic valve.

Figures 8A-C show another embodiment of a replacement heart valve and anchor
according to the invention.

Figures 9A-H show delivery and deployment of the replacement heart valve and
anchor of Figures 8.

Figure 10is a cross-sectional drawing of the delivery system used with the method

and apparatus of Figures 8 and 9.

Figures 11A-C show alternative locks for use with replacement heart valves and
anchors of this invention.

Figures 12A-C show a vessel wall engaging lock for use with replacement heart
valves and anchors of this invention.

Figure 13 demonstrates paravalvular leaking around a replacement heart valve and
anchor.

Figure 14 shows a seal for use with a replacement heart valve and anchor of this
invention.

Figures 15A-E show alternative arrangements of seals on a replacement heart valve
and anchor.

Figures 16A-C show alternative seal designs for use with replacement heart valves
and anchors.

Figures 17A-B show an alternative anchor lock embodiment in an unlocked
configuration.

Figures 18A-B show the anchor lock of Figure 17 in a locked configuration.

Figure 19 shows an alternative anchor deployment tool aﬁtachrnent and release

mechanism for use with the invention.
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Figure 20 shows the attachment and release mechanism of Figure 19 in the process of
being released.

Figure 21 shows the attachment and release mechanism of Figures 19 and 20 in a
released condition.

Figure 22 shows an alternative embodiment of a replacement heart valve and anchor
and a deployment tool according to the invention in an undeployed configuration.

Figure 23 shows the replacement heart valve and anchor of Figure 22 in a partially
deployed configuration.

Figure 24 shows the replacement heart valve and anchor of Figures 22 and 23 ina
more fully deployed configuration but with the deployment tool still attached.

Figure 25 shows yet another embodiment of the delivery and deployment apparatus of
the invention in use with a replacement heart valve and anchor.

Figure 26 shows the delivery and deployment apparatus of Figure 25 in the process of
deploying a replacement heart valve and anchor.

Figure 27 shows an embodiment of the invention employing seals at the interface of
the replacement heart valve and anchor and the patient’s tissue.

Figure 28 is a longitudinal cross-sectional view of the seal shown in Figure 27 in
compressed form.

Figure 29 is a transverse cross-sectional view of the seal shown in Figure 28.

Figure 30 is a longitudinal cross-sectional view of the seal shown in Figure 27 in
expanded form.

Figure 31 is a transverse cross-sectional view of the seal shown in Figure 30.

Figure 32 shows yet another embodiment of the replacement heart valve and anchor
of this invention in an undeployed configuration.

Figure 33 shows the replacement heart valve and anchor of Figure 32 in a deployed
configuration.

Figure 34 shows the replacement heart valve and anchor of Figures 32 and 33
deployed in a patient’s heart valve.

Figures 35A-H show yet another embodiment of a replacement heart valve, anchor
and deployment system according to this invention.

Figures 36A-E show more detail of the anchor of the embodiment shown in Figures
35A-H.

'Figures 37A-B show further details of the embodiment of Figures 35A-H.
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Figures 38A-C illustrate a method for percutaneously replacing a patient’s diseased
heart valve.

Figures 39A-B show an anchor for use in a two-piece replacement heart valve and
anchor embodiment of the invention.

Figures 40A-B show a replacement heart valve for useina two-piece replacement
heart valve and anchor embodiment of the invention.

Figures 41A-D show a method of coupling the anchor of Figures 39 and the
replacement heart valve of Figures 40.

Figure 42 shows a delivery system for use with the appartus shown in Figures 39-41.

. Figure 43 shows an alternative embodiment of a delivery system for use with the
apparatus shown in Figures 39-41.

Figure 44 shows yet another alternative embodiment of a delivery system for use with
the apparatus shown in Figures 39-41.

Figures 45A-1 illustrate a method of deliverying and deploying a two-piece
replacement heart valve and anchor. }

Figures 46A-B shows another embodiment of a two-piece replacement heart valve
and anchor according to this invention.

Figure 47 shows yet another embodiment of a two-piece replacement heart valve and
anchor according to this invention.

Figure 48 shows yet another embodiment of a two-piece replacement heart valve and
anchor according to this invention.

Figures 49A and 49B show replacement valve apparatus in accordance with the
present invention. Figure 49 illustrates the apparatus in a collapsed delivery configuration
within a delivery system. Figure 49B illustrates the apparatus in an expanded configuration
partially deployed from the delivery system.

Figures 50A-50F show an anchor of the apparatus of Figures 49 in the collapsed
delivery configuration and the expanded deployed configuration, as well as the full apparatus
in the deployed configuration, and optional locking mechanisms for use with the apparatus.

Figure 51 shows a detail view of a variation of an anchor post.

Figures 52A and 52B show an alternative variation of the post having a lock
alignment feature.

Figures 53A and 53B show a variation of the post having an alternative lock
alignment feature.

Figure 54 shows a variation of the post having an expansile element.
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Figure 55 shows a variation of the post with an alternative expansile or cable element.

Figures 56A-56C show a variation of the post having an alternative lock alignment
feature.

Figure 57 shows the post variation of Figure 51 in combination with an illustrative
actuator and release actuator.

Figures 58A-58C show a variation of the post, actuator and release actuator that form
an alternative releasable attachment mechanism.

Figures 59A-59C show another variation of the releasable attachment mechanism.
Figures 60A-60C show yet another variation of the releasable attachment mechanism.
Figures 61A and 61B show still another variation of the releasable attachment

element.

Figure 62 shows a variation of the post, actuator and anchor lock element having a

reversible lock.

Figures 63A-63C show a variation of the actuator, lock actuator and release actuator.

Figure 64 shows a variation of the anchor lock element having a lock alignment

feature.

Figures 65A and 65B show expansion, locking and actuation of the releasable

attachment mechanism of the apparatus of Figure 64.

Figure 66 shows another variation of the apparatus having an actuable lock prevention

mechanism.

Figures 67A and 67B show a variation of the post that is configured to lock against

the braid of the anchor.
Figures 68 A-68C show actuation and release of a variation of the anchor lock
element.

Figures 69A and 69B show another variation of a releasable actuation mechanism

having a lock alignment mechanism which can be cut from a tube.

Figures 70A-70D show actuation of a variation of the anchor lock element that may

be formed from a cut tube.

Figures 71A-71F show a variation of the post having an unlock actuator.

Figures 72A and 72B show another buckle variation of the anchor lock element.
Figure 73 shows attachment of a variation of the anchor lock element to the anchor.
Figure 74 shows a variation of the post and anchor lock element having a ratcheting

lock.

Figures 75A and 75B show variations of the ratcheting lock.
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Figures 76A-76H show actuation of another variation of the ratcheting lock.

Figures 77A-77C show a tubular variation of the ratcheting lock element.

Figures 78A-78C show a variation of the anchor lock element of Figures 77.

Figures 79A and 79B show a variation of the apparatus of Figures 78 comprising a
lock alignment feature.

Figures 80A-80F show a method of actuating and adjusting the ratcheting lock of the
apparatus of Figures 78.

Figures 81A and 81B show a variation of an anchor/actuator.

Figures 82A-82C show detail views of the releasable attachment mechanism of the
actuator‘ of Figures 81.

Figures 83A-83C show a variation of the releasable attachment mechanism of
Figures 82.

Figures 84A-84C show another variation of the releasable attachment mechanism.

Figures 85A-85C show yet another variation of the releasable attachment mechanism.

Figures 86A-86N show variations of a release actuator used in conjunction with the
releasable attachment mechanism of Figures 82.

Figures 87A and 87B show detail views of an embodiment of the delivery
system/deployment tool.

Figures 88A and 88B show the delivery system/deployment tool of Figures 87
releaseably attached to apparatus 10, and detached from the apparatus.

Figures 89A and 89B show a variation of the delivery system/deployment tool of
Figures 87 and 88 wherein the actuators extend from a unitary structure.

Figures 90A-90C show various ways to connect elements to the anchor of the
replacement valve apparatus.

Figure 91 is a schematic top view of an apparatus for fabricating braided anchors in
accordance with the present invention.

Figures 92A-92D are schematic top views illustrating a method of using the apparatus
of Figure 91 to fabricate a braided anchor of the present invention.

Figures 93A-930 are schematic detail views illustrating features of braid cells at an
anchor edge.

Figures 94A-94E illustrate further features of braid cells at an anchor edge.

Figures 95A-957 are schematic detail views terminations for one or more wire strands

forming anchors of the present invention.
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Figures 96A and 96B are schematic side views of alternative embodiments of the
anchor portion of the apparatus of the present invention.

Figures 97A-97E are schematic side views of further alternative embodiments of the
of the anchor portion of the apparatus of the present invention.

Figures 98A-98D are schematic views of different weave configurations.

Figures 99A-99E are schematic side views of various braided anchor configurations.

Figures 100A-100E are schematic side views of a deployment process.

Figures 101A and 101B illustrate a braided anchor in the heart.

Figures 102A and 102B illustrate a bilaterally symmetrical anchor and an asymmetric
anchor, respectively.

Figure 103 illustrates a braided anchor of the present invention with closed end turns
Tu.

Figures 104A-104E illustrate additional features for end turns of a braided anchor.

Figures 105A-105F illustrate deployment of an anchor with leaflet engagement
elements on the deployment system.

Figure 106 illustrates a deployed anchor with leaflet engagement elements on the
proximal end of the anchor.

Figures 107A-107C illustrate deployment of an anchor with anchor registration
elements and a seal.

Figures 108A-108B illustrate an embodiment of the apparatus with a seal that does
not reach the f)roximal end of the anchor during both systole and diastole.

Figures 109A-109B illustrate an embodiment of the apparatus with a seal that reaches

the proximal end of the anchor during both systole and diastole.

DETAILED DESCRIPTION

The present invention relates to apparatus and methods for endovascularly or
percutaneously deliveﬂﬂg and deploying a prosthesis, e.g., an aortic prosthesis, within and/or
across a patient’s native heart valve, referred to hereinafter as replacing the patient’s heart
valve. A delivery system and/or deployment tool is provided including a sheath assembly
and a guidewire for placing the prosthetic apparatus endovascularly within the patient and a
user control allowing manipulation of the prosthetic apparatus from external to the patient
through the application of a non-hydraulically expanding or non-pneumatically expanding
force on the anchor. A hydraulically or pneumatically expanding force would be, for

example, a force applied to the anchor by a balloon expanded within the anchor. In certain
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embodiments, the application of a non-hydraulically expanding or non-pneumatically
expanding force could include the use of a hydraulic component transmitting a proximally or
distally directed force on an anchor.

The apparatus includes an anchor and a replacement valve. The anchor includes an
expandable anchor such as a braid. In preferred embodiments, the expandable braid includes
closed edges, but the edges may alternatively be open. The replacement valve is adapted to
be secured within the anchor, and as such, be delivered endovascularly to the patient’s heart
to replace one of the patient’s native heart valves. More preferably, the apparatus and
methods of the present invention contemplate replacement of the patient’s aortic valve.

With reference now to Figures 1-4, a first embodiment of replacement heart valve
apparatus in accordance with the present invention is described, including a method of
actively foreshortening and expanding the apparatus from a delivery configuration and to a
deployed configuration. Apparatus 10 comprises replacement valve 20 disposed within and
coupled to anchor 30. Figures 1 schematically illustrate individual cells of anchor 30 of
apparatus 10, and should be viewed as if the cylindrical anchor has been cut open and laid
flat. Figures 2 schematically illustrate a detail portion of apparatus 10 in side-section.

Anchor 30 has a lip region 32, a skirt region 34 and a body region 36. First, second
and third posts 38a, 38b and 38c, respectively, are coupled to skirt region 34 and extend
within lumen 31 of anchor 30. Posts 38 preferably are spaced 120° apart from one another
about the circumference of anchor 30.

Anchor 30 preferably is fabricated by using self-expanding patterns (laser cut or
chemically milled), braids, and materials, such as a stainless steel, nickel-titanium (“Nitinol”)
or cobalt chromium but alternatively may be fabricated using balloon-expandable patterns
where the anchor is designed to plastically deform to it’s final shape by means of balloon
expansion. Replacement valve 20 is preferably from biologic tissues, e.g. porcine valve
leaflets or bovine or equine pericardium tissues, alternatively it can be made from tissue
engineered materials (such as extracellular matrix material from Small Intestinal Submucosa
(SIS)) but alternatively may be prosthetic from an elastomeric polymer or silicone, Nitinol or
stainless steel mesh or pattern (sputtered, chemically milled or laser cut). The leaflet may also
be made of a composite of the elastomeric or silicone materials and metal alloys or other
fibers such Kevlar or carbon. Annular base 22 of replacement valve 20 preferably is coupled
to skirt region 34 of anchor 30, while commissures 24 of replacement valve leaflets 26 are

coupled to posts 38.
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Anchor 30 may be actuated using external non-hydraulic or non-pneumatic force to
actively foreshorten in order to increase its radial strength. As shown below, the proximal
and distal end regions of anchor 30 may be actuated independently. The anchor and valve
may be placed and expanded in order to visualize their location with respect to the native
valve and other anatomical features and to visualize operation of the valve. The anchor and
valve may thereafter be repositioned and even retrieved into the delivery sheath or catheter.
The apparatus may be delivered to the vicinity of the patient’s aortic valve in a retrograde
approach in a catheter having a diameter no more than 23 french, preferably no more than 21
french, more preferably no more than 19 french, or more preferably no more than 17 french.
Upon deployment the anchor and replacement valve capture the native valve leaflets and
positively lock to maintain configuration and position.

A deployment tool is used to actuate, reposition, lock and/or retrieve anchor 30. In
order to avoid delivery of anchor 30 on a balloon for balloon expansion, a non-hydraulic or
non-pneumatic anchor actuator is used. In this embodiment, the actuator is a deployment tool
that includes distal region control actuators 50, control actuators 60 (embodied here as rods or
tubes) and proximal region control actuators 62. Locks 40 include posts or arms 38
preferably with male interlocking elements 44 extending from skirt region 34 and mating
female interlocking elements 42 in lip region 32. Male interlocking elements 44 have eyelets
45. Control actuators 50 pass from a delivery system for apparatus 10 through female
interlocking elements 42, through eyelets 45 of male interlocking elements 44, and back
through female interlocking elements 42, such that a double strand of wire 50 passes through
each female interlocking element 42 for manipulation by a medical practitioner external to
the patient to actuate and control the anchor by changing the anchor’s shape. Control
actuators 50 may comprise, for example, strands of suture or wire.

Actuators 60 are reversibly coupled to apparatus 10 and may be used in conjunction
with actuators 50 to actuate anchor 30, e.g., to foreshorten and lock apparatus 10 in the fully
deployed configuration. Actuators 60 also facilitate repositioning and retrieval of apparatus
10, as described hereinafter. For example, anchor 30 may be foreshortened and radially
expanded by applying a distally directed force on actuators 60 while proximally retracting
actuators 50. As seen in Figures 3, control actuators 62 pass through interior lumens 61 of
actuators 60. This ensures that actuators 60 are aligned properly with apparatus 10 during
deployment and foreshortening. Control actuators 62 can also actuate anchor 60; proximally

directed forces on control actuators 62 contacts the proximal lip region 32 of anchor 30.
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Actuators 62 also act to couple and decouple actuators 60 from apparatus 10. Actuators 62
may comprise, for example, strands of suture or wire.

Figures 1A and 2A illustrate anchor 30 in a delivery configuration or in a partially
deployed configuration (e.g., after dynamic self-expansion expansion from a constrained
delivery configuration within a delivery sheath). Anchor 30 has a relatively long length and a
relatively small width in the delivery or partially deployed configuration, as compared to the
foreshortened and fully deployed configuration of Figures 1B and 2B.

In Figures 1A and 2A, replacement valve 20 is collapsed within lumen 31 of anchor
30. Retraction of actuators 50 relative to actuators 60 foreshortens anchor 30, which
increases the anchor’s width while decreasing its length. Such foreshortening also properly
seats replacement valve 20 within lumen 31 of anchor 30. Imposed foreshortening will
enhance radial force applied by apparatus 10 to surrounding tissue over at least a portion of
anchor 30. In some embodiments, the anchor exerts an outward force on surrounding tissue
to engage the tissue in such way to prevent migration of anchor caused by force of blood
against closed leaflet during diastole. This anchoring force is preferably 1 to 2 Ibs, more
preferably 2 to 4 Ibs, or more preferably 4 to 10 lbs. In some embodiments, the anchoring
force is preferably greater than 1 pound, more preferably greater than 2 pounds, or more
preferably greater than 4 pounds. Enhanced radial force of the anchor is also important for
enhanced crush resistance of the anchor against the surrounding tissue due to the healing
response (fibrosis and contraction of annulus over a longer period of time) or to dynamic
changes of pressure and flow at each heart beat In an alternative embodiment, the anchor
pattern or braid is designed to have gaps or areas where the native tissue is allowed to
protrude through the anchor slightly (not shown) and as the foreshortening is applied, the
tissue is trapped in the anchor. This feature would provide additional means to prevent anchor
migration and enhance long term stability of the device.

Deployment of apparatus 10 is fully reversible until lock 40 has been locked via
mating of male interlocking elements 44 with female interlocking elements 42. Deployment
is then completed by decoupling actuators 60 from lip section 32 of anchor 30 by retracting
one end of each actuator 62 relative to the other end of the actuator, and by retracting one end
of each actuator 50 relative to the other end of the actuator until each actuator has been
removed from eyelet 45 of its corresponding male interlocking element 44.

As best seen in Figure 2B, body region 36 of anchor 30 optionally may comprise barb
elements 37 that protrude from anchor 30 in the fully deployed configuration, for example,

for engagement of a patient’s native valve leaflets and to preclude migration of the apparatus.
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With reference now to Figures 3, a delivery and deployment system for a self-
expanding embodiment of apparatus 10 including a sheath 110 having a lumen 112. Self-
expanding anchor 30 is collapsible to a delivery configuration within lumen 112 of sheath
110, such that apparatus 10 may be delivered via delivery system 100. As seen in Figure 3A,
apparatus 10 may be deployed from lumen 112 by retracting sheath 110 relative to apparatus
10, control actuators 50 and actuators 60, which causes anchor 30 to dynamically self-expand
to a partially deployed configuration. Control actuators 50 then are retracted relative to
apparatus 10 and actuators 60 to impose foreshortening upon anchor 30, as seen in Figure 3B.

During foreshortening, actuators 60 push against lip region 32 of anchor 30, while
actuators 50 pull on posts 38 of the anchor. Actuators 62 may be retracted along with
actuators 50 to enhance the distally-directed pushing force applied by actuators 60 to lip
region 32. Continued retraction of actuators 50 relative to actuators 60 would lock locks 40
and fully deploy apparatus 10 with replacement valve 20 properly seated within anchor 30, as
in Figures 1B and 2B. Api)aratus 10 comprises enhanced radial strength in the fully deployed
configuration as compared to the partially deployed configuration of Figure 3A. Once
apparatus 10 has been fully deployed, actuators 50 and 62 may be removed from apparatus
10, thereby separating delivery system 100 including actuators 60 from the apparatus.

Deployment of apparatus 10 is fully reversible until locks 40 have been actuated. For
example, just prior to locking the position of the anchor and valve and the operation of the
valve may be observed under fluoroscopy. If the position needs to be changed, by alternately
relaxing and reapplying the proximally directed forces exerted by control actuators 50 and/or
control actuators 62 and the distally directed forces exerted by actuators 60, expansion and
contraction of the lip and skirt regions of anchor 30 may be independently controlled so that
the anchor and valve can be moved to, e.g., avoid blocking the coronary ostia or impinging
on the mitral valve. Apparatus 10 may also be completely retrieved within lumen 112 of
sheath 110 by simultaneously proximally retracting actuators 50 and actuators 60/actuators
62 relative to sheath 110. Apparatus 10 then may be removed from the patient or
repositioned for subsequent redeployment.

Referring now to Figures 4, step-by-step deployment of apparatus 10 via delivery
system 100 is described. In Figure 4A, sheath 110 is retracted relative to apparatus 10,
actuators 50 and actuators 60, thereby causing self-expandable anchor 30 to dynamically self-
expand apparatus 10 from the collapsed delivery configuration within lumen 112 of sheath

110 to the partially deployed configuration. Apparatus 10 may then be dynamically
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repositioned via actuators 60 to properly orient the apparatus, €.g. relative to a patient’s
native valve leaflets.

In Figure 4B, control actuators 50 are retracted while actuators 60 are advanced,
thereby urging lip region 32 of anchor 30 in a distal direction while urging posts 38 of the
anchor in a proximal direction. This foreshortens apparatus 10, as seen in Figure 4C.
Deployment of apparatus 10 is fully reversible even after foreshortening has been initiated
and has advanced to the point illustrated in Figure 4C.

In Figure 4D, continued foreshortening causes male interlocking elements 44 of locks
40 to engage female interlocking elements 42. The male elements mate with the female
elements, thereby locking apparatus 10 in the foreshortened configuration, as seen in Figure
4E. Actuators 50 are then pulled through eyelets 45 of male elements 44 to remove the
actuators from apparatus 10, and actuators 62 are pulled through the proximal end of anchor
30 to uncouple actuators 60 from the apparatus, thereby separating delivery system 100 from
apparatus 10. Fully deployed apparatus 10 is shown in Figure 4F.

Referring to Figures 5, a method of percutaneously replacing a patient’s diseased
aortic valve with apparatus 10 and delivery system 100 is described. As seen in Figure 5A,
sheath 110 of delivery system 100, having apparatus 10 disposed therein, is percutaneously
advanced over guide wire G, preferably in a retrograde fashion (although an antegrade or
hybrid approach alternatively may be used), through a patient’s aorta A to the patient’s
diseased aortic valve AV. A nosecone 102 precedes sheath 110 in a known manner. In
Figure 5B, sheath 110 is positioned such that its distal region is disposed within left ventricle
LV of the patient’{s heart H.

Apparatus 10 is deployed from lumen 112 of sheath 110, for example, under
fluoroscopic guidance, such that anchor 30 of apparatus 10 dynamically self-expands to a
partially deployed configuration, as in Figure 5C. Advantageously, apparatus 10 may be
retracted within lumen 112 of sheath 110 via actuators 50 - even after anchor 30 has
dynamically expanded to the partially deployed configuration, for example, to abort the
procedure or to reposition apparatus 10 or delivery system 100. As yet another advantage,
apparatus 10 may be dynamically repositioned, e.g. via sheath 110 and/or actuators 60, in
order to properly align the apparatus relative to anatomical landmarks, such as the patient’s
coronary ostia or the patient’s native valve leaflets L. When properly aligned, skirt region 34
of anchor 30 preferably is disposed distal of the leaflets, while body region 36 is disposed

across the leaflets and lip region 32 is disposed proximal of the leaflets.
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Once properly aligned, actuators 50 are retracted relative to actuators 60 to impose
foreshortening upon anchor 30 and expand apparatus 10 to the fully deployed configuration,
as in Figure 5D. Foreshortening increases the radial strength of anchor 30 to ensure
prolonged patency of valve annulus An, as well as to provide a better seal for apparatus 10
that reduces paravalvular regurgitation. As seen in Figure 5E, locks 40 maintain imposed
foreshortening. Replacement valve 20 is properly seated within anchor 30, and normal blood
flow between left ventricle LV and aorta A is thereafter regulated by apparatus 10.
Deployment of apparatus 10 advantageously is fully reversible until locks 40 have been
actuated.

As seen in Figure 5F, actuators 50 have been pulled from eyelets 45 of male elements
44 of locks 40, actuators 60 are decoupled from anchor 30, e.g. via actuators 62, and delivery
system 100 is removed from the patient, thereby completing deployment of apparatus 10.
Optional barb elements 37 engage the patient’s native valve leaflets, e.g. to further preclude
migration of the /apparatus and/or reduce paravalvular regurgitation.

Figures 5G and 5H show further details of deployment using a deployment apparatus.
Apparatus 10 is deployed from lumen Lu of sheath 110, for example, under fluoroscopic
guidance by proximally retracting proximal handle 111 of sheath 110 relative to shaft 108,
such that anchor 30 of apparatus 10 dynamically self-expands to the partially deployed
configuration of Figure 5C. Advantageously, apparatus 10 may be retracted within lumen Lu
of sheath 110 by retracting shaft 108 relative to the sheath, and thereby retracting actuators
106a coupled to anchor 30 relative to sheath 110. In this manner, anchor 30 may be retrieved
even after the anchor has dynamically expanded to the partially deployed configuration, for
example, to abort the procedure or to reposition apparatus 10 or delivery system 100. As yet
another advantage, apparatus 10 may be dynamically repositioned, in order to properly align
the apparatus relative to anatomical landmarks, such as the patient’s coronary ostia or the
patient’s native valve leaflets L. When properly aligned, a distal region of anchor 30
preferably is disposed distal of the leaflets, while a central region of the anchor is disposed
across the leaflets and a proximal region is disposed proximal of the leaflets.

Once properly aligned, actuators 106b are proximally retracted relative to actuators
1063, e.g., via knob 126 of handle 120, to impose foreshortening upon anchor 30 and further
expand apparatus 10 to the fully deployed configuration, as in Figure 5D. Foreshortening
increases the radial strength of anchor 30 to ensure prolonged patency of valve annulus An,
as well as to provide a better seal for apparatus 10 that reduces paravalvular regurgitation.

Lock 40 formed by engaging post lock elements 44 of posts 32 with anchor lock elements 34
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of anchor 30 maintains imposéd foreshortening. Replacement valve 20 is properly seated
within anchor 30, and normal blood flow between left ventricle LV and aorta A is thereafter
completely regulated by apparatus 10, although valve 20 is functional during deployment as
well. Deployment of apparatus 10 advantageously is fully reversible until the locks have
been actuated. Releasable lock prevention mechanisms may be provided to ensure that the
locks are not actuated prematurely. Furthermore, the locks may be reversible, such that
apparatus 10 may be retrieved or repositioned even after actuation of the locks.

Once appa(ratus 10 is fully expanded and locked in the expanded configuration,
actuators 106a are decoupled from anchor 30 by actuating releasable attachment mechanisms,
e.g., by retracting release actuators 112 relative to the actuators 106a via knob 122 of handle
120. Likewise, actuators 106b are decoupled from posts 32 by actuating releasable
attachment mechanisms, e.g., by retracting release actuators 112 relative to the actuators 106b
via knob 124 of handle 120. As seen in Figure 5E, delivery system 100 then may be removed
from the patient, thereby completing deployment of apparatus 10. Optional barb elements 37
engage the patient’s native valve leaflets, e. g. to preclude migration of the apparatus and/or to
reduce paravalvular regurgitation. '

With reference now to Figures 6, a method of percutaneously replacing a patient’s
diseased aortic valve with apparatus 10 is provided, wherein proper positioning of the
apparatus is ensured via positive registration of a modified delivery system to the patient’s
native valve leaflets. In Figure 6A, modified delivery system 100 delivers apparatus 10 to
diseased aortic valve AV within sheath 110. As seen in Figures 6B and 6C, apparatus 10 is
deployed from lumen 112 of sheath 110, for example, under fluoroscopic guidance, such that
anchor 30 of apparatus 10 dynamically self-expands to a partially deployed configuration. As
when deployed via delivery system 100, deployment of apparatus 10 via delivery system 100’
is fully reversible until locks 40 have been actuated.

Delivery system 100’ comprises leaflet engagement element 120, which preferably
self-expands along with anchor 30. Engagement element 120 is disposed between actuators
60 of delivery system 100’ and lip region 32 of anchor 30. Element 120 releasably engages
the anchor. As seen in Figure 6C, the element is initially deployed proximal of the patient’s
native valve leaflets L. Apparatus 10 and element 120 then may be advanced/dynamically
repositioned until engagement element positively registers against the leaflets, thereby
ensuring proper positioning of apparatus 10. Also delivery system 100° includes filter
structure 61A (e.g., filter membrane or braid) as part of push actuators 60 to act as an embolic

protection element. Emboli can be generated during manipulation and placement of anchor
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from either diseased native leaflet or surrounding aortic tissue and can cause blockage.
Arrows 61B in Figure 6E show blood flow through filter structure 61 A where blood is
allowed to flow but emboli is trapped in the delivery system and removed with it at the end of
the procedure.

Alternatively, foreshortening may be imposed upon anchor 30 while element 120 is
disposed proximal of the leaflets, as in Figure 6D. Upon positive registration of element 120
against leaflets L, element 120 precludes further distal migration of apparatus 10 during
additional foreshortening, thereby reducing a risk of improperly positioning the apparatus.
Figure 6E details engagement of element 120 against the native leaflets. As seen in Figure
6F, once apparatus 10 is fully deployed, element 120, actuators 50 and actuators 60 are
decoupled from the apparatus, and delivery system 100’ is removed from the patient, thereby
completing the procedure. |

With reference to Figure 7, an alternative embodiment of the apparatus of Figures 6 is
described, wherein leaflet engagement element 120 is coupled to anchor 30 of apparatus 10,
rather than to delivery system 100. Engagement element 120 remains implanted in the
patient post-deployment of apparatus 10°. Leaflets L are sandwiched between lip region 32
of anchor 30 and element 120 in the fully deployed configuration. In this manner, element
120 positively registers apparatus 10’ relative to the leaflets and precludes distal migration of
the apparatus over time.

Referring now to Figures 8, an alternative delivery system adapted for use with a
balloon expandable embodiment of the pfesent invention is described. In Figure 8A,
apparatus 10’ comprises anchor 30’ that may be fabricated from balloon-expandable
materials. Delivery system 100°” comprises inflatable member 130 disposed in a deflated
configuration within lumen 31 of anchor 30°. In Figure 8B, optional outer sheath 110 is
retracted, and inflatable member 130 is inflated to expand anchor 30’ to the fully deployed
configuration. As inflatable member 130 is being deflated, as in earlier embodiments,
actuators 50 and 62 and actuators 60 may be used to assist deployment of anchor 30’ and
actuation of locks 40, as well as to provide reversibility and retrievability of apparatus 10’
prior to actuation of locks 40. Next, actuators 50 and 62 and actuators 60 are removed from
apparatus 10>, and delivery system 100”’ is removed, as seen in Figure 8C.

As an alternative delivery method, anchor 30’ may be partially deployed via partial
expansion of inflatable member 130. The inflatable member would then be advanced within
replacement valve 20 prior to inflation of inflatable member 130 and full deployment of

apparatus 10°*. Inflation pressures used will range from about 3 to 6 atm, or more preferably

-29.



10

15

20

25

30

WO 2005/062980 PCT/US2004/043607

from about 4 to 5 atm, though higher and lower atm pressures may also be used (e.g., greater
than 3 atm, more preferably greater than 4 atm, more preferably greater than 5 atm, or more
preferably greater than 6 atm). Advantageously, separation of inflatable member 130 from
replacement valve 20, until partial deployment of apparatus 10’ at a treatment site, is
expected to reduce a delivery profile of the apparatus, as compared to previously known
apparatus. This profile reduction may facilitate retrograde delivery and deployment of
apparatus 10°’, even when anchor 30’ is balloon-expandable.

Although anchor 30 has illustratively been described as fabricated from balloon-
expandable materials, it should be understood that anchor 30’ alternatively may be fabricated
from self-expanding materials whose expansion optionally may be balloon-assisted. In such
a configuration, anchor 30’ would expand to a partially deployed configuration upon removal
of outer sheath 110. If required, inflatable member 130 then would be advanced within
replacement valve 20 prior to inflation. Inflatable member 130 would assist full deployment
of apparatus 10°*, for example, when the radial force required to overcome resistance from
impinging tissue were too great to be overcome simply by manipulation of actuators 50 and
actuators 60. Advantageously, optional placement of inflatable member 130 within
replacement valve 20, only after dynamic self-expansion of apparatus 10’ to the partially
deployed configuration at a treatment site, is expected to reduce a delivery profile of the
apparatus, as compared to previously known apparatus. This reduction may facilitate
retrograde delivery and deployment of apparatus 10”°.

With reference to Figures 9 and 10, methods and apparatus for a balloon-assisted
embodiment of the present invention are described in greater detail. Figures 9 and 10
illustratively show apparatus 10” of Figures 7 used in combination with delivery system 100
of Figures 8. Figure 10 illustrates a sectional view of delii/ery system 100°°. Inner shaft 132
of inflatable member 130 preferably is about 4 Fr in diameter, and comprises lumen 133
configured for passage of guidewire G, having a diameter of about 0.035”, therethrough.
Push actuators 60 and pull actuators 50 pass through guidetube 140, which preferably has a
diameter of about 15 Fr or smaller. Guide tube 140 is disposed within lumen 112 of outer
sheath 110, which preferably has a diameter of about 17 Fr or smaller.

In Figure 9A, apparatus 10’ is delivered to diseased aortic valve AV within lumen 112
of sheath 110. In Figure 9B, sheath 110 is retracted relative to apparatus 10’ to dynamically
self-expand the apparatus to the partially deployed configuration. Also retracted and removed

is nosecone 102 which is attached to a pre-slit lumen (not shown) that facilitates its removal
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prior to loading and advancing of a regular angioplasty balloon catheter over guidewire and
inside delivery system 110.

In Figure 9C, pull actuators 50 and push actuators 60 are manipulated from external to
the patient to foreshorten anchor 30 and sufficiently expand lumen 31 of the anchor to
facilitate advancement of inflatable member 130 within replacement valve 20. Also shown is
the tip of an angioplasty catheter 130 being advanced through delivery system 110.

The angioplasty balloon catheter or inflatable member 130 then is advanced within
the replacement valve, as in Figure 9D, and additional foreshortening is imposed upon anchor
30 to actuate locks 40, as in Figure 9E. The inflatable member is inflated to further displace
the patient’s native valve leaflets L and ensure adequate blood flow through, and long-term
patency of, replacement valve 20, as in Figure 9F. Inflatable member 130 then is deflated
and removed from the patient, as in Figure 9G. A different size angioplasty balloon catheter
could be used repeat the same step if deemed necessary by the user. Push actuators 60
optionally may be used to further set leaflet engagement element 120, or optional barbs B
along posts 38, more deeply within leaflets L, as in Figure 9H. Then, delivery system 100’
is removed from the patient, thereby completing percutaneous heart valve replacement.

As will be apparent to those of skill in the art, the order of imposed foreshortening
and balloon expansion described in Figures 9 and 10 is only provided for the sake of
illustration. The actual order may vary according to the needs of a given patient and/or the
preferences of a given medical practitioner. Furthermore, balloon-assist may not be required
in all instances, and the inflatable member may act merely as a safety precaution employed
selectively in challenging clinical cases.

Referring now to Figures 11, alternative locks for use with apparatus of the present
invention are described. In Figure 11A, lock 40’ comprises male interlocking element 44 as
described previously. However, female interlocking element 42” illustratively comprises a
triangular shape, as compared to the round shape of interlocking element 42 described
previously. The triangular shape of female interlocking element 42’ may facilitate mating of
male interlocking element 44 with the female interlocking element without necessitating
deformation of the male interlocking element.

In Figure 11B, lock 40> comprises alternative male interlocking element 44> having
multiple in-line arrowheads 46 along posts 38. Each arrowhead comprises resiliently
deformable appendages 48 to facilitate passage through female interlocking element 42.
Appendages 48 optionally comprise eyelets 49, such that control actuator 50 or a secondary

wire may pass therethrough to constrain the appendages in the deformed configuration. To
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actuate lock 40°’, one or more arrowheads 46 of male interlocking element 44° are drawn
through female interlocking element 42, and the wire is removed from eyelets 49, thereby
causing appendages 48 to resiliently expand and actuate lock 40°.

Advantageously, providing multiple arrowheads 46 along posts 38 yields a ratchet
that facilitates in-vivo determination of a degree of foreshortening imposed upon apparatus of
the present invention. Furthermore, optionally constraining appendages 48 of ar’rowheads 46
via eyelets 49 prevents actuation of lock 40” (and thus deployment of apparatus of the
present invention) even after male element 44’ has been advanced through female element
42. Only after a medical practitioner has removed the wire constraining appendages 48 is
lock 40°” fully engaged and deployment no longer reversible.

Lock 40°”’ of Figure 11C is similar to lock 40*” of Figure 11B, except that optional
eyelets 49 on appendages 48 have been replaced by optional overtube 47. Overtube 47 serves
a similar function to eyelets 49 by constraining appendages 48 to prevent locking until a
medical practitioner has determined that apparatus of the present invention has been
foreshortened and positioned adequately at a treatment site. Overtube 47 is then removed,
which causes the appendages to resiliently expand, thereby fully actuating lock 40°*”.

With reference to Figures 12, an alternative locking mechanism is described that is
configured to engage the patient’s aorta. Male interlocking elements 44°” of locks 40°””’
comprise arrowheads 46” having sharpened appendages 48’. Upon expansion from the
delivery configuration of Figure 12A to the foreshortened configuration of Figure 12B,
apparatus 10 positions sharpened appendages 48 adjacent the patient’s aorta A. Appendages
48’ engage the aortic wall and reduce a risk of device migration over time.

With reference now to Figure 13, a risk of paravalvular leakage or regurgitation
around apparatus of the present invention is described. In Figure 13, apparatus 10 has been
implanted at the site of diseased aortic valve AV, for example, using techniques described
hereinabove. The surface of native valve leaflets L is irregular, and interface I between
leaflets L and anchor 30 may comprise gaps where blood B may seep through. Such leakage
poses a risk of blood clot formation or insufficient blood flow.

Referring to Figure 14, optional elements for reducing regurgitation or leakage are
described. Compliant sacs 200 may be disposed about the exterior of anchor 30 to provide a
more efficient seal along irregular interface I. Sacs 200 may be filled with an appropriate
material, for example, water, blood, foam or a hydrogel. Alternative fill materials will be

apparent.
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With reference to Figures 15, illustrative arrangements for sacs 200 are provided. In
Figure 15A, sacs 200 are provided as discrete sacs at different positions along the height of
anchor 30. In Figure 15B, the sacs are provided as continuous cylinders at various heights.
In Figure 15C, a single sac is provided with a cylindrical shape that spans multiple heights.
The sacs of Figure 15D are discrete, smaller and provided in larger quantities. Figure 15E
provides a spiral sac. Alternative sac configurations will be apparent to those of skill in the
art.

With reference to Figures 16, exemplary techniques for fabricating sacs 200 are
provided. In Figure 16A, sacs 20 comprise ‘fish-scale’ slots 202 that may be back-filled, for
example, with ambient blood passing through replacement valve 20. In Figure 16B, the sacs
comprise pores 204 that may be used to fill the sacs. In Figure 16C, the sacs open to lumen
31 of anchor 30 and are filled by blood washing past the sacs as the blood moves through
apparatus 10.

Figures 17 and 18 show yet another alternative embodiment of the anchor lock.
Anchor 300 has a plurality of male interlocking elements 302 having eyelets 304 formed
therein. Male interlocking elements are connected to braided structure 300 by inter-weaving
elements 302 (and 308) or alternatively suturing, soldering, welding, or connecting with
adhesive. Valve commissures 24 are connected to male interlocking elements 302 along their
length. Replacement valve 20 annular base 22 is connected to the distal end 34 of anchor 300
(or 30) as is illustrated in figures 1A and 1B. Male interlocking elements 302 also include
holes 306 that mate with tabs 310 extending into holes 312 in female interlocking elements
308. To lock, control actuators 314 passing through eyelets 304 and holes 312 are pulled
proximally with respect to the proximal end of braided anchor 300 to draw the male
interlocking elements through holes 312 so that tabs 310 engage holes 306 in male
interlocking elements 302. Also shown is release actuators 314B that passes through eylet
304B in female interlocking element 308. If needed, during the procedure, the user may pull
on release actuators 314B reversing orientation of tabs 310 releasing the anchor and allowing
for repositioning of the device or it’s removal from the patient. After the desired final
position has been attained, release actuator 314B and control actuator 314 be removed from
the patient with the delivery system.

Figures 19-21 show an alternative way of releasing the connection between the anchor
and its actuating actuators and control actuators. Control actuators 62 (i.e., release actuators)
extend through actuators 60 from outside the patient, loop through the proximal region of
anchor 30 and extend partially back into tube 60 (i.e., an anchor actuator). The doubled up
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portion of control actuator 62 creates a force fit within tube 60 that maintains the control
actuators’s position with respect to tube 60 when all control actuators 62 are pulled
proximally to place a proximally directed force on anchor 30. When a single half of control
actuator 62 is pulled proximally, however, the frictional fit between that control wire and the
tube in which it is disposed is overcome, enabling the end 63 of control actuator 62 to pull
free of the tube, as shown in Figure 21, thereby releasing anchor 30.

Figures 22-24 show an alternative embodiment of the anchor. Anchor 350 is made of
a metal braid, such as Nitinol or stainless steel. A replacement valve 354 is disposed within
anchor 350. Anchor 350 is actuated in substantially the same way as anchor 30 of Figures 1-
4 through the application of proximally and distally directed forces from control actuators
(not shown) and actuators 352.

Figures 25 and 26 show yet another embodiment of the delivery and deployment
apparatus of the invention. As an alternative to the balloon expansion method described with
respect to Figures 8, in this embodiment the nosecone (e.g., element 102 of Figures 5) is
replaced by an angioplasty balloon catheter 360. Thus, expandable balloon cathether 360
precedes sheath 110 on guidewire G. When anchor 30 and valve 20 are expanded through

the operation of actuators 60 and the control actuators (not shown) as described above,

Aballoon cathether 360 is retracted proximally within the expanded anchor and valve and

expanded further as described above with respect to Figures 8.

Figures 27-31 show seals 370 that expand over time to seal the interface between the
anchor and valve and the patient’s tissue. Seals 370 are preferably formed from Nitinol wire
surrounded by an expandable foam. As shown in cross-section in Figures 28 and 29, at the
time of deployment, the foam 372 is compressed about the wire 374 and held in the
compressed form by a time-released coating 376. After deployment, coating 376 dissolves in
vivo to allow foam 372 to expand, as shown in Figures 30 and 31.

Figures 32-34 show another way to seal the replacement valve against leakage. A
fabric seal 380 extends from the distal end of valve 20 and back proximally over anchor 30
during delivery. When deployed, as shown in Figures 33 and 34, fabric seal 380 bunches up
to create fabric flaps and pockets that extend into spaces formed by the native valve leaflets
382, particularly when the pockets are filled with blood in response to backflow blood
pressure. This arrangement creates a seal around the replacement valve.

Figures 35A-H show another embodiment of a replacement heart valve apparatus in
accordance with the present invention. Apparatus 450 comprises replacement valve 460 (see

Figures 37B and 38C) disposed within and coupled to anchor 470. Replacement valve 460 is
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preferably biologic, e.g. porcine, but alternatively may be synthetic. Anchor 470 preferably
is fabricated from self-expanding materials, such as a stainless steel wire mesh or a nickel-
titanium alloy (“Nitinol”), and comprises lip region 472, skirt region 474, and body regions
476a, 476b and 476¢. Replacement valve 460 preferably is coupled to skirt region 474, but
alternatively may be coupled to other regions of the anchor. As described herein below, lip
region 472 and skirt region 474 are configured to expand and engage/capture a patient’s
native valve leaflets, thereby providing positive registration, reducing paravalvular
regurgitation, reducing device migration, etc.

As seen in Figure 35A, apparatus 450 is collapsible to a delivery configuration,
wherein the apparatus may be delivered via delivery system 410. Delivery system 410
comprises sheath 420 having lumen 422, as well as actuators 424a and 424b seen in Figures
35D-35G. Actuators 424a are configured to expand skirt region 474 of anchor 470, as well as
replacement valve 460 coupled thereto, while actuators 424b are configured to expand lip
region 472. !

As seen in Figure 35B, apparatus 450 may be delivered and deployed from lumen 422
of catheter 420 while the apparatus is disposed in the collapsed delivery configuration. As
seen in Figures 35B-35D, catheter 420 is retracted relative to apparatus 450, which causes
anchor 470 to dynamically self-expand to a partially deployed configuration. Actuators 424a
are then retracted to expand skirt region 474, as seen in Figures 35E and 35F. Preferably,
such expansion may be maintained via locking features described hereinafter.

In Figure 35G, actuators 424b are retracted to expand lip region 472 and fully deploy
apparatus 450. As with skirt region 474, expansion of lip region 472 preferably may be
maintained via locking features. After both lip region 472 and skirt region 474 have been
expanded, actuators 424 may be removed from apparatus 450, thereby separating delivery
system 410 from the apparatus. Delivery system 410 then may be removed, as seen in Figure
35H.

As will be apparent to those of skill in the art, lip region 472 optionally may be
expanded prior to expansion of skirt region 474. As yet another alternative, lip region 472
and skirt region 474 optionally may be expanded simultaneously, in parallel, in a step-wise
fashion or sequentially. Advantageously, delivery of apparatus 450 is fully reversible until
lip region 472 or skirt region 474 has been locked in the expanded configuration.

With reference now to Figures 36A-E, individual cells of anchor 470 of apparatus 450
are described to detail deployment and expansion of the apparatus. In Figure 36A, individual
cells of lip region 472, skirt region 474 and body regions 476a, 476b and 476¢ are shown in
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the collapsed delivery configuration, as they would appear while disposed within umen 422
of sheath 420 of delivery system 410 of Figures 35. A portion of the cells forming body
regions 476, for example, every ‘nth’ row of cells, comprises locking features.

Body region 476a comprises male interlocking element 482 of lip lock 480, while
body region 476b comprises female interlocking element 484 of lip lock 480. Male element
482 comprises eyelet 483. Wire 424b passes from female interlocking element 484 through
eyelet 483 and back through female interlocking element 484, such that there is a double
strand of wire 424b that passes through lumen 422 of catheter 420 for manipulation by a
medical practitioner external to the patient. Body region 476b further comprises male
interlocking element 492 of skirt lock 490, while body region 476¢ comprises female
interlocking element 494 of the skirt lock. Wire 424a passes from female interlocking
element 494 through eyelet 493 of male interlocking element 492, and back through female
interlocking element 494. Lip lock 480 is configured to maintain expansion of lip region
472, while skirt lock 490 is configured to maintain expansion of skirt region 474.

In Figure 36B, anchor 470 is shown in the partially deployed configuration, e.g., after
deployment from lumen 422 of sheath 420. Body regions 476, as well as lip region 472 and
skirt region 474, self-expand to the partially deployed configuration. Full deployment is then
achieved by retracting actuators 424 relative to anchor 470, and expanding lip region 472 and
skirt region 474 outward, as seen in Figures 36C and 36D. As seen in Figure 36E, expansion
conti‘]nues until the male elements engage the female interlocking elements of lip lock 480 and
skirt lock 490, thereby maintaining such expansion (lip lock 480 shown in Figure 36E).
Advantageously, deployment of apparatus 450 is fully reversible until lip lock 480 and/or
skirt lock 490 has been actuated.

With reference to Figures 37A-B, isometric views, partially in section, further
illustrate apparatus 450 in the fully deployed and expanded configuration. Figure 37A
illustrates the wireframe structure of anchor 470, while Figure 37B illustrates an embodiment
of anchor 470 covered in a biocompatible material B. Placement of replacement valve 460
within apparatus 450 may be seen in Figure 37B. The patient’s native valve is captured
between lip region 472 and skirt region 474 of anchor 470 in the fully deployed configuration
(see Figure 38B).

Referring to Figures 38A-C, in conjunction with Figures 35 and 36, a method for
percutaneously replacing a patient’s diseased aortic valve with apparatus 450 is described.
Delivery system 410, having apparatus 450 disposed therein, is percutaneously advanced,

preferably in a retrograde fashion, through a patient’s aorta A to the patient’s diseased aortic
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valve AV. Sheath 420 is positioned such that its distal end is disposed within left ventricle
LV of the patient’s heart H. As described with respect to Figures 35, apparatus 450 is
deployed from lumen 422 of sheath 420, for example, under fluoroscopic guidance, such that
skirt section 474 is disposed within left ventricle LV, body section 476b is disposed across
the patient’s native valve leaflets L, and lip section 472 is disposed within the patient’s aorta
A. Advantageously, apparatus 450 may be dynamically repositioned to obtain proper
alignment with the anatomical landmarks. Furthermore, apparatus 450 may be retracted
within lumen 422 of sheath 420 via actuators 424, even after anchor 470 has dynamically
expanded to the partially deployed configuration, for example, to abort the procedure or to
reposition sheath 420.

Once properly positioned, elements 424a are retracted to expand skirli region 474 of
anchor 470 within left ventricle LV. Skirt region 474 is locked in the expanded configuration
via skirt lock 490, as previously described with respect to Figures 36. In Figure 38A, skirt
region 474 is maneuvered such that it engages the patient’s valve annulus An and/or native
valve leaflets L, thereby providing positive registration of apparatus 450 relative to the
anatomical landmarks.

Elements 424b are then actuated external to the patient in order to expand lip region
472, as previously described in Figures 35. Lip region 472 is locked in the expanded
configuration via lip lock 480. Advantageously, deployment of apparatus 450 is fully
reversible until lip lock 480 and/or skirt lock 490 has been actuated. Elements 424 are pulled
from eyelets 483 and 493, and delivery system 410 is removed from the patient. As will be
apparent, the order of expansion of lip region 472 and skirt region 474 may be reversed,
concurrent, etc.

As seen in Figure 38B, lip region 472 engages the patient’s native valve leaflets L,
thereby providing additional positive registration and reducing a risk of lip region 472
blocking the patient’s coronary ostia O. Figure 38C illustrates the same in cross-sectional
view, while also showing the position of replacement valve 460. The patient’s native leaflets
are engaged and/or captured between lip region 472 and skirt region 474. Advantageously,
lip region 472 precludes distal migration of apparatus 450, while skirt region 474 precludes
proximal migration. It is expected that lip region 472 and skirt region 474 also will reduce
paravalvular regurgitation.

With reference to Figures 39-41, a first embodiment of two-piece apparatus of the
present invention adapted for percutaneous replacement of a patient’s heart valve is

described. As seen in Figures 41, apparatus 510 comprises a two-piece device having
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custom-designed expandable anchor piece 550 of Figures 39 and expandable replacement
valve piece 600 of Figures 40. Both anchor piece 550 and valve piece 600 have reduced
delivery configurations and expanded deployed configurations. Both may be either balloon
expandable (e.g. fabricated from a stainless steel) or self-expanding (e.g. fabricated from a
nickel-titanium alloy (“Nitinol”) or from a wire mesh) from the delivery to the deployed
configurations.

When replacing a patient’s aortic valve, apparatus 510 preferably may be delivered
through the patient’s aorta without requiring a transseptal approach, thereby reducing patient
trauma, complications and recovery time. Furthermore, apparatus 510 enables dynamic
repositioning of anchor piece 550 during delivery and facilitates positive registration of
apparatus 510 relative to the native position of the patient’s valve, thereby reducing a risk of
device migration and reducing a risk of blocking or impeding flow to the patient’s coronary
ostia. Furthermore, the expanded deployed configuration of apparatus 510, as seen in Figure
41D, is adapted to reduce paravalvular regurgitation, as well as to facilitate proper seating of
valve piece 600 within anchor piece 550.

As seen in Figures 39, anchor piece 550 preferably comprises three sections. Lip
section 560 is adapted to engage the patient’s native valve leaflets to provide positive
registration and ensure accurate placement of the anchor relative to the patient’s valve
annulus during deployment, while allowing for dynamic repositioning of the anchor during
deployment. Lip section 560 also maintains proper positioning of composite anchor/valve
apparatus 510 post-deployment to preclude distal migration. Lip section 560 optionally may
be covered or coated with biocompatible film B (see Figures 41) to ensure engagement of the
native valve leaflets. It is expected that covering lip section 560 with film B especially would
be indicated when the native leaflets are stenosed and/or fused together

Groove section 570 of anchor piece 550 is adapted to engage an expandable frame
portion, described hereinbelow, of valve piece 600 to couple anchor piece 550 to valve piece
600. As compared to previously known apparatus, groove section 570 comprises additional
material and reduced openings or gaps G, which is expected to reduce tissue protrusion
through the gaps upon deployment, thereby facilitating proper seating of the valve within the

anchor. Groove section 570 optionally may be covered or coated with biocompatible film B

(see Figures 41) to further reduce native valve tissue protrusion through gaps G.

Finally, skirt section 580 of anchor piece 550 maintains proper positioning of
composite anchor/valve apparatus 510 post-deployment by precluding proximal migration.

When replacing a patient’s aortic valve, skirt section 580 is deployed within the patient’s left
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ventricle. As with lip section 560 and groove section 570, skirt section 580 optionally may
be covered or coated with biocompatible film B (see Figures 41) to reduce paravalvular
regurgitation. As will be apparent to those of skill in the art, all, a portion of, or none of
anchor piece 50 may be covered or coated with biocompatible film B.

In Figure 39A, a portion of anchor piece 550 has been flattened out to illustrate the
basic anchor cell structure, as well as to illustrate techniques for manufacturing anchor piece
550. In order to form the entire anchor, anchor 550 would be bent at the locations indicated
in Figure 39A, and the basic anchor cell structure would be revolved to form a joined 360°
structure. Lip séction 560 would be bent back into the page to form a lip that doubles over
the groove section, groove section 570 would be bent out of the page into a ‘C’- or ‘U’
shaped groove, while skirt section 580 would be bent back into the page. Figure 39B shows
the anchor portion after bending and in an expanded deployed configuration.

The basic anchor cell structure seen in Figure 39A is preferably formed through laser
cutting of a flat sheet or of a hollow tube placed on a mandrel. When formed from a flat
sheet, the sheet would be cut to the required number of anchor cells, bent to the proper shape,
and revolved to form a cylinder. The ends of the cylinder would then be joined together, for
example, by welding.

If balloon expandable, anchor piece 550 would be formed from an appropriate
material, such as stainless steel, and then crimped onto a balloon delivery catheter in a
collapsed delivery configuration. If self-expanding and formed from a shape-memory
material, such as a nickel-titanium alloy (“Nitinol”), the anchor piece would be heat-set such
that it could be constrained within a sheath in the collapsed delivery configuration, and then
would dynamically self-expand to the expanded deployed configuration upon removal of the
sheath. Likewise, if anchor piece 550 were formed from a wire mesh or braid, such as a
spring steel braid, the anchor would be constrained within a sheath in the delivery
configuration and dynamically expanded to the deployed configuration upon removal of the
sheath.

In Figures 40, valve piece 600 is described in greater detail. Figure 40A illustrates
valve piece 600 in a collapsed delivery configuration, while Figure 40B illustrates the valve
piece in an expanded deployed configuration. Valve piece 600 comprises replacement valve
610 coupled to expandable frame 620. Replacement valve 610 is preferably biologic,
although synthetic valves may also be used. Replacement valve 610 preferably comprises
three leaflets 611 coupled to three posts 621 of expandable frame 620. Expandable frame

620 is preferably formed from a continuous piece of material and may comprise tips 622 in
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the collapsed delivery configuration, which expand to form hoop 624 in the deployed
configuration. Hoop 624 is adapted to engage groove section 570 of anchor piece 550 for
coupling anchor piece 550 to valve piece 600. As with anchor piece 550, valve piece 600
may be balloon expandable and coupled to a balloon delivery catheter in the delivery
configuration. Alternatively, anchor piece 550 may be self-expanding, e.g. Nitinol or wire
mesh, and constrained within a sheath in the delivery configuration.

Referring again to Figures 41, a method for deploying valve piece 600 and coupling it
to deployed anchor piece 550 to form two-piece apparatus 510 is described. In Figure 41A,
valve piece 600 is advanced within anchor piece 550 in an at least partially compressed
delivery configuration. In Figure 41B, tips 622 of frame 620 are expanded such that they
engage groove section 570 of anchor piece 550. In Figure 41C, frame 620 continues to
expand and form hoop 624. Hoop 624 flares out from the remainder of valve piece 600 and
acts to properly locate the hoop within groove section 570. Figure 41D shows valve piece
600 in a fully deployed configuration, properly seated and friction locked within groove
section 570 to form composite anchor/valve apparatus 510.

Anchor piece 550 and valve piece 600 of apparatus 510 preferably are spaced apart
and releasably coupled to a single delivery catheter while disposed in their reduced delivery
configurations. Spacing the anchor and valve apart reduces a delivery profile of the device,
thereby enabling delivery through a patient’s aorta without requiring a transseptal approach.
With reference to Figure 42, a first embodiment of single catheter delivery system 700 for use
with apparatus 510 is described. Delivery system 700 is adapted for use with a preferred self-
expanding embodiment of apparatus 510.

Delivery system 700 comprises delivery catheter 710 having inner tube 720, middle
distal tube 730, and outer tube 740. Inner tube 720 comprises lumen 722 adapted for
advancement over a standard guide wire, per se known. Middle distal tube 730 is coaxially
disposed about a distal region of inner tube 720 and is coupled to a distal end 724 of the inner
tube, thereby forming proximally-oriented annular bore 732 between inner tube 720 and
middle tube 730 at a distal region of delivery catheter 710. Outer tube 740 is coaxially
disposed about inner tube 720 and extends from a proximal region of the inner tube to a
position at least partially coaxially overlapping middle distal tube 730. Outer tube 740
preferably comprises distal step 742, wherein lumen 743 of outer tube 740 is of increased
diameter. Distal step 742 may overlap middle distal tube 730 and may also facilitate
deployment of valve piece 600, as described hereinbelow with respect to Figures 45.
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Proximally-oriented annular bore 732 between inner tube 720 and middle distal tube
730 is adapted to receive skirt section 580 and groove section 570 of anchor piece 550 in the
reduced delivery configuration. Annular space 744 formed at the overlap between middle
distal tube 730 and outer tube 740 is adapted to receive lip section 560 of anchor piece 550 in
the reduced delivery configuration. More proximal annular space 746 between inner tube
720 and outer tube 740 may be adapted to receive replacement valve 610 and expandable
frame 620 of valve piece 600 in the reduced delivery configuration.

Inner tube 720 optionaliy may comprise retainer elements 726a and 726b to reduce
migration of valve piece 600. Retainer elements 726 preferably are fabricated from a
radiopaque material, such as platinum-iridium or gold, to facilitate deployment of valve piece
600, as well as coupling of the valve piece to anchor piece 550. Additional or alternative
radiopaque elements may be disposed at other locations about delivery system 700 or
apparatus 510, for example, in the vicinity of anchor piece 550.

With reference now to Figure 43, an alternative delivery system for use with
apparatus of the present invention is described. Delivery system 750 comprises two distinct
catheters adapted to deliver the anchor and valve pieces, respectively: anchor delivery
catheter 710’ and valve delivery catheter 760. In use, catheters 710° and 760 may be
advanced sequentially to a patient’s diseased heart valve for sequential deployment and
coupling of anchor piece 550 to valve piece 600 to form composite two-piece apparatus 510.

Delivery catheter 710’ is substantially equivalent to catheter 710 described
hereinabove, except that catheter 710” does not comprise retainer elements 7 26, and annular
space 746 does not receive valve piece 600. Rather, valve piece 600 is received within
catheter 760 in the collapsed delivery configuration. Catheter 760 comprises inner tube 770
and outer tube 780. Inner tube 770 comprises lumen 772 for advancement of catheter 760
over a guide wire. The inner tube optionally may also comprise retainer elements 774a and
774b, e.g. radiopaque retainer elements 774, to reduce migration of valve piece 600. Outer
tube 780 is coaxially disposed about inner tuber 770 and preferably comprises distal step 782
to facilitate deployment and coupling of valve piece 600 to anchor piece 550, as described
hereinbelow. Valve piece 600 may be received in annular space 776 between inner tube 770
and outer tube 780, and more preferably may be received within annular space 776 between
retainer elements 774. '

Referring now to Figure 44, another alternative delivery system is described. As
discussed previously, either anchor piece 550 or valve piece 600 (or portions thereof or both)

may be balloon expandable from the delivery configuration to the deployed configuration.
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Delivery system 800 is adapted for delivery of an embodiment of apparatus 510 wherein the
valve piece is balloon expandable. Additional delivery systems — both single and multi-
catheter - for deployment of alternative combinations of balloon and self-expandable
elements of apparatus of the present invention will be apparent to those of skill in the art in
view of the illustrative delivery systems provided in Figures 42-44.

In Figure 44, delivery system 800 comprises delivery catheter 710”°. Delivery
catheter 710”’ is substantially equivalent to delivery catheter 710 of delivery system 700,
except that catheter 710’ does not comprise retainer elements 726, and annular space 746
does not receive the valve piece. Additionally, catheter 710°” comprises inflatable balloon
802 coupled to the exterior of outer tube 740>, as well as an inflation lumen (not shown) for
reversibly delivering an inflation medium from a proximal region of catheter 710" into the
interior of inflatable balloon 802 for expanding the balloon from a delivery configuration to a
deployed configuration. Valve piece 600 may be crimped to the exterior of balloon 802 in
the delivery configuration, then deployed and coupled to anchor piece 550 in vivo. Delivery
catheter 710°” preferably comprises radiopaque marker bands 804a and 804b disposed on
either side of balloon 802 to facilitate proper positioning of valve piece 600 during
deployment of the valve piece, for example, under fluoroscopic guidance.

With reference now to Figures 45, in conjunction with Figures 39-42, an illustrative
method of percutaneously replacing a patient’s diseased heart valve using apparatus of the
present invention is described. In Figure 45A, a distal region of delivery system 700 of
Figure 42 has been delivered through a patient’s aorta A, e.g., over a guide wire and under
fluoroscopic guidance using well-known percutaneous techniques, to a vicinity of diseased
aortic valve AV of heart H. Apparatus 510 of Figures 39-41 is disposed in the collapsed
delivery configuration within delivery catheter 710 with groove section 570 and skirt section
580 of anchor piece 550 collapsed within annular bore 732, and lip section 560 of anchor
piece 550 collapsed within annular space 744. Valve piece 600 is disposed in the collapsed
delivery configuration between retainer elements 726 within more proximal annular space
746. Separation of anchor piece 550 and valve piece 600 of apparatus 510 along the
longitudinal axis of delivery catheter 710 enables percutaneous aortic delivery of apparatus
510 without requiring a transseptal approach.

Aortic valve AV comprises native valve leaflets L attached to valve annulus An.
Coronary ostia O are disposed just proximal of diseased aortic valve AV. Coronary ostia O

connect the patient’s coronary arteries to aorta A and are the conduits through which the
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patient’s heart muscle receives oxygenated blood. As such, it is critical that the ostia remain
unobstructed post-deployment of apparatus 510. |

In Figure 45A, a distal end of delivery catheter 710 has been delivered across diseased
aortic valve AV into the patient’s left ventricle LV. As seen in Figure 45B, outer tube 740 is
then retracted proximally relative to inner tube 720 and middle distal tube 730. Outer tube
740 no longer coaxially overlaps middle distal tube 730, and lip section 560 of anchor piece
550 is removed from annular space 744. Lip section 560 self-expands to the deployed
configuration. As seen in Figure 45C, inner tube 720 and middle tube 730 (or all of delivery
catheter 710) are then distally advanced until lip section 560 engages the patient’s native
valve leaflets L, thereby providing positive registration of anchor piece 550 to leaflets L.
Registration may be confirmed, for example, via fluoroscopic imaging of radiopaque features
coupled to apparatus 510 or delivery system 700 and/or via resistance encountered by the
medical practitioner distally advancing anchor piece 550.

Lip section 560 may be dynamically repositioned until it properly engages the valve
leaflets, thereby ensuring proper positioning of anchor piece 550 relative to the native
coronary ostia O, as well as the valve annulus An, prior to deployment of groove section 570
and skirt section 580. Such multi-step deployment of anchor piece 550 enables positive
registration and dynamic repositioning of the anchor piece. This is in contrast to previously
known percutaneous valve replacement apparatus.

As seen in Figure 45D, once leaflets L have been engaged by lip section 560 of
anchor piece 550, inner tube 720 and middle distal tube 730 are further distally advanced
within left ventricle LV, while outer tube 740 remains substantially stationary. Lip section
560, engaged by leaflets L, precludes further distal advancement/migration of anchor piece
550. As such, groove section 570 and skirt section 580 are pulled out of proximally-oriented
annular bore 732 between inner tube 720 and middle distal tube 730 when the tubes are
distally advanced. The groove and skirt sections self-expand to the deployed configuration,
as seen in Figure 45E. Groove section 570 pushes native valve leaflets L and lip section 560
against valve annulus An, while skirt section 580 seals against an interior wall of left
ventricle LV, thereby reducing paravalvular regurgitation across aortic valve AV and
precluding proximal migration of anchor piece 550.

With anchor piece 550 deployed and native aortic valve AV displaced, valve piece
600 may be deployed and coupled to the anchor piece to achieve percutaneous aortic valve
replacement. Outer tube 740 is further proximally retracted relative to inner tube 720 such
that valve piece 600 is partially deployed from annular space 746 between inner tube 720 and
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outer tube 740, as seen in Figure 45F. Expandable frame 620 coupled to replacement valve
610 partially self-expands such that tips 622 partially form hoop 624 for engagement of
groove section 570 of anchor piece 550 (see Figure 41B). A proximal end of expandable
frame 620 is engaged by distal step 742 of outer tube 740.

Subsequent re-advancement of outer tube 740 relative to inner tube 720 causes distal
step 742 to distally advance valve piece 600 within anchor piece 550 until tips 622 of
expandable frame 620 engage groove section 570 of anchor piece 550, as seen in Figure 45G.
As discussed previously, groove section 570 comprises additional material and reduced
openings or gaps G, as compared to previously known apparatus, which is expected to reduce
native valve tissue protrusion through the gaps and facilitate engagement of tips 622 with the
groove section. Outer tube 740 then is proximally retracted again relative to inner tube 720,
and valve piece 600 is completely freed from annular space 746. Frame 620 of valve piece
600 fully expands to form hoop 624, as seen in Figure 45H.

Hoop 624 friction locks within groove section 570 of anchor piece 550, thereby
coupling the anchor piece to the valve piece and forming composite two-piece apparatus 5 10,
which provides a percutaneous valve replacement. As seen in Figure 451, delivery catheter
710 may then be removed from the patient, completing the procedure. Blood may freely flow
from left ventricle LV through replacement valve 610 into aorta A. Coronary ostia O are
unobstructed, and paravalvular regurgitation is reduced by skirt section 580 of anchor piece
550. '

Referring now to Figures 46, an alternative embodiment of two-piece apparatus 510 is
described comprising an alignment/locking mechanism. Such a mechanism may be provided
in order to ensure proper radial alignment of the expandable frame of the valve piece with the
groove section of the anchor piece, as well as to ensure proper longitudinal positioning of the
frame within the hoop. Additionally, the alignment/locking mechanism may provide a
secondary lock to further reduce a risk of the anchor piece and the valve piece becoming
separated post-deployment and coupling of the two pieces to achieve percutaneous valve
replacement.

In Figures 46, apparatus 510’ comprises valve piece 600’ of Figure 46A and anchor
piece 550’ of Figure 46B. Anchor piece 550° and valve piece 600” are substantially the same
as anchor piece 550 and valve piece 600 described hereinabove, except that anchor piece
550° comprises first portion 652 of illustrative alignment/locking mechanism 650, while
valve piece 600’ comprises second portion 654 of the alignment/locking mechanism for

coupling to the first portion. First portion 652 illustratively comprises three guideposts 653
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coupled to skirt section 580° of anchor piece 550’ (only one guidepost shown in the partial
view of Figure 46B), while second portion 654 comprises three sleeves 655 coupled to posts
621’ of expandable frame 620’ of valve piece 600’.

When anchor piece 550” is self-expanding and collapsed in the delivery configuration,
guideposts 653 may be deployed with skirt section 580°, in which case guideposts 653 would
rotate upward with respect to anchor piece 550’ into the deployed configuration of Figure
46B. Alternatively, when anchor piece 550’ is either balloon or self-expanding and is
collapsed in the delivery configuration, guideposts 653 may be collapsed against groove
section 570’ of the anchor piece and may be deployed with the groove section. Deploying
guideposts 653 with skirt section 580” has the advantages of reduced delivery profile and ease
of manufacturing, but has the disadvantage of significant dynamic motion during
deployment. Conversely, deploying guideposts 653 with groove section 570" has the
advantage of minimal dynamic motion during deployment, but has the disadvantage of
increased delivery profile. Additional deployment configurations will be apparent to those of
skill in the art. As will also be apparent, first portion 652 of alignment/locking mechanism
650 may be coupled to alternative sections of anchor piece 550” other than skirt section 580°.

Sleeves 655 of second portion 654 of alignment/locking mechanism 650 comprise
lumens 656 sized for coaxial disposal of sleeves 655 about guideposts 653 of first portion
652. Upon deployment, sleeves 655 may friction lock to guideposts 653 to ensure proper
radial and longitudinal alignment of anchor piece 550” with valve piece 600°, as well as to
provide a secondary lock of the anchor piece to the valve piece. The secondary lock
enhances the primary friction lock formed by groove section 570 of the anchor piece with
hoop 624’ of expandable frame 620’ of the valve piece.

To facilitate coupling of the anchor piece to the valve piece, suture or thread may pass
from optional eyelets 651a of guideposts 653 through lumens 656 of sleeves 655 to a
proximal end of the delivery catheter (see Figure 47). In this manner, second portion 654 of
mechanism 650 may be urged into alignment with first portion 652, and optional suture knots
(not shown), e.g. pre-tied suture knots, may be advanced on top of the mechanism post-
coupling of the two portions to lock the two portions together. Alternatively, guideposts 653
may comprise optional one-way valves 651b to facilitate coupling of the first portion to the
second portion. Specifically, sleeves 655 may be adapted for coaxial advancement over one-
way valves 651b in a first direction that couples the sleeves to guideposts 653, but not ina

reverse direction that would uncouple the sleeves from the guideposts.
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Referring now to Figure 47, an alternative embodiment of apparatus 510’ comprising
an alternative alignment/locking mechanism is described. Apparatus 510’ is illustratively
shown in conjunction with delivery system 700 described hereinabove with respect to Figure
42. Valve piece 600’ is shown partially deployed from outer tube 740 of catheter 710. For
the sake of illustration, replacement valve 610°’ of valve piece 6007, as well as inner tube
720 and middle distal tube 730 of delivery catheter 710, are not shown in Figure 47.

In Figure 47, anchor piece 550°” of apparatus 510°” comprises first portion 652 of
alignment/locking mechanism 650°, while valve piece 600" comprises second portion 654’
of the alternative alignment/locking mechanism. First portion 652 comprises eyelets 660
coupled to groove section 570°” of anchor piece 550°*. Second portion 654’ comprises
knotted loops of suture 662 coupled to tips 622°* of expandable frame 620 of valve piece
600”’. Suture 661 extends from knotted loops of suture 662 through eyelets 660 and out
through annular space 746 between outer tube 740 and inner tube 720 (see Figure 42) of
catheter 710 to a proximal end of delivery system 700. In this manner, a medical practitioner
may radially and longitudinally align valve piece 600°” with anchor piece 550°° by
proximally retracting sutures 661 (as shown by arrows in Figure 47) while distally advancing
distal step 742 of outer tube 740 against valve piece 600°* until tips 622" of the valve piece
engage groove section 570 of anchor piece 550°”. Proximal retraction of outer tube 740
then causes expandable frame 620°° to further expand and form hoop 624’ that friction locks
with groove section 570"’ of anchor piece 550”’, thereby forming apparatus 510’ as
described hereinabove with respect to apparatus 510. A secondary lock may be achieved by
advancing optional suture knots (not shown) to the overlap of eyelets 660 and knotted loops
of suture 662. Such optional suture knots preferably are pre-tied.

With reference now to Figure 48, yet another alternative embodiment of apparatus
5107, comprising yet another alternative alignment/locking mechanism 650, is described.
First portion 652°” of alignment/locking mechanism 650" is coupled to anchor piece 550°°°
of apparatus 510°>’, while second portion 654° is coupled to valve piece 600°”’. The first
portion comprises male posts 670 having flared ends 671, while the second portion comprises
female guides 672 coupled to tips 622> of expandable frame 620’ of valve piece 600°°’.

Female guides 672 are translatable about male posts 670, but are constrained by flared
ends 671 of the male posts. In this manner, anchor piece 550°** and valve piece 600"’
remain coupled and in radial alignment with one another at all times — including delivery —
but may be longitudinally separated from one another during delivery. This facilitates

percutaneous delivery without requiring a transseptal approach, while mitigating a risk of
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inadvertent deployment of the anchor and valve pieces in an uncoupled configuration.
Additional alignment/locking mechanisms will be apparent in view of the mechanisms
described with respect to Figures 46-43.

Prior to implantation of one of the replacement valves described above, it may be
desirable to perform a valvoplasty on the diseased valve by inserting a balloon into the valve
and expanding it using saline mixed with a contrast agent. In addition to preparing the valve
site for implant, fluoroscopic viewing of the valvoplasty will help determine the appropriate
size of replacement valve implant to use.

Figures 49A and 49B illustrate one embodiment of a delivery system/deployment tool
and apparatus in accordance with the present invention. As seen in Figure 49A, apparatus 10
may be collapsed for delivery within delivery system/deployment tool 100. Delivery system
100 includes guidewire G, nosecone 102, anchor actuation elements 106, multi-lumen shaft
or catheter 108 having optional central lumen 109 and a plurality of circumferentially
disposed lumens Lu, external sheath 110 having optional proximal handle 111, and control
handle 120. Nosecone 102 may, for example, be manipulated via a shaft extending through
central lumen 109 of multi-lumen catheter 108.

Anchor actuation elements 106 preferably comprise both proximal anchor actuation
elements and distal anchor actuation elements. The proximal anchor actuation elements may,
for example, comprise actuators 106a that are releasably coupled to a proximal region of
anchor 30 of apparatus 10 via releasable attachment mechanisms for manipulating a proximal
region of apparatus 10. The distal anchor actuation elements may comprise actuators 106b
that are releasably coupled to a distal region of anchor 30 via releasable attachment
mechanisms for manipulating the distal region of apparatus 10. In some embodiments, the
distal anchor actuation elements may comprise posts or anchor attachment elements 32 of
anchor 30 and the releasable attachment mechanisms connecting actuators 106b to posts 32.
In an alternative configuration, the proximal anchor actuation elements may be releasably
coupled to a proximal region of apparatus 10 through posts and releasable attachment
mechanisms for manipulation of a proximal region of the apparatus, while the distal anchor
actuation elements may connect to a distal region of anchor 30 via releasable attachment
mechanisms to manipulate a distal region of the apparatus. As another alternative, both
proximal and distal anchor actuation element may connect to anchor 30 via releasable
attachment mechanisms.

In the embodiment shown in Figures 49, actuators 106a may, for example, include

stiff finger elements extending from a distal region of multi-lumen shaft 108, while actuators
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106b may include control elements (e.g., stands of suture, or metal or polymer wires) which
pass through one or more lumens Lu of shaft 108. Release actuators 112 for the releasable
attachment mechanisms for both sets of actuators also may pass through one or more lumens
Lu of shaft 108. The release actuators may comprise, for example, control elements (e.g.,
strands of suture, or metal or polymer wires), covers, mandrels, elongated elements, friction
surfaces, wrap portions, interference shapes, etc. The release actuators preferably are
movable relative to anchor actuation elements 106, e.g., via control handle 120.

Control handle 120 is coupled to multi-lumen shaft 108. Knob 122 disposed in slot
123 may actuate release actuators 112 that couple actuators 106a of anchor actuation
elements 106 to apparatus 10. Likewise, knob 124 disposed in slot 125 may actuate release
actuators 112 that couple actuators 106b of anchor actuation elements 106 to posts 32 of
anchor 30 of apparatus 10. Handle 120 also comprises knob 126 for, e.g., manipulating the
actuators 106b to control movement of the distal region of apparatus 10 relative to its
proximal region. Conversely, controlled movement of the proximal region of apparatus 10
relative to its distal region may be achieved by holding knob 126 stationary while advancing
or retracting handle 120. Knob 126 optionally may move actuators 106b in unison with their
concomitant release actuators 112.

Apparatus 10 comprises anchor 30 and replacement valve 20. Anchor 30 preferably
comprises a braid. Such braid can have closed ends at either or both its ends. Replacement
valve 20 is preferably coupled to the anchor along posts 32, e.g., along a valve attachment
structure, such as a tab and/or a plurality of holes. Posts 32, therefore, may function as valve
supports and may be adapted to support the replacement valve within the anchor. In the
embodiment shown, there are three posts, corresponding to the valve’s three commissural
attachment points. The posts can be attached to the braid portion of anchor 30. The posts can
be attached to the braid’s distal end, as shown in Figure 50A, central region, or proximal end.
Replacement valve 20 can be composed of a synthetic material and/or may be derived from
animal tissue. Replacement valve 20 is preferably configured to be secured within anchor 30.

Anchor 30 comprises a plurality of anchor lock elements 34, e.g., buckles 34, attached
to its proximal region, one for each post 32. Posts 32 may comprise a lock element that
forms a two-part locking mechanism with anchor lock elements 34 for maintaining anchor 30
in a deployed or expanded configuration (e.g., as illustrated in Figures 49B, 50B and 50C).

In this embodiment, anchor 30 is formed from a collapsible and expandable wire
braid. Anchor braid 30 is preferably self-expanding and is preferably formed from a material

such as Nitinol, cobalt-chromium steel or stainless steel wire using one or more strands of
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wire. Delivery and deployment of braided anchor 30 is similar to the delivery and
deployment of the anchors described in U.S, Patent Appl. Ser. No. 10/746,120. Specifically,
in one embodiment described below, during deployment braided anchor 30 is actively
foreshortened by proximally retracting the actuators 106b relative to the actuators 106a to
expand and lock the anchor in place. In some embodiments, foreshortening may expand
anchor 30 to a radially symmetrical, bilaterally symmetrical, or asymmetrical expanded
shape. The foreshortening step can include expanding a first region of the anchor to a first
diameter and a second region of the anchor to a second diameter larger than the first
diameter. A third region may also be expanded to a diameter larger than the first diameter.
The expansion of various regions of the anchor (e.g., the distal region) can be especially
useful in locating the aortic valve and centering the anchor within it. Preferably, the secured
anchor does not interfere with the mitral valve or the ostia. In some embodiments, the anchor
is allowed to self-expand prior to the foreshortening step.

As seen in Figures 49, after endovascular delivery through sheath 110 to the vicinity
of the patient’s native valve (such as the aortic valve), apparatus 10 may be expanded from
the collapsed delivery configuration of Figure 49A to the expanded deployed configuration of
Figure 49B using delivery system/deployment tool 100. To deploy apparatus 10, external
sheath 110 may be retracted relative to apparatus 10 by proximally retracting sheath handle
111 relative to control handle 120. Sheath 110 is thereby removed from the exterior of
apparatus 10, permitting the anchor 30 to self-expand. For example, if anchor braid 30 is
composed of a shape memory material, it may self-expand to or toward its “at-rest”
configuration. This at-rest configuration of the braid can be, for example its expanded
configuration, a collapsed configuration, or a partially expanded configuration between the
collapsed configuration and the expanded configuration, or some combination. In preferred
embodiments, the anchor’s at-rest configuration is between the collapsed configuration and
the expanded configuration. Depending on the at-rest diameter of the braid and the diameter
of the patient’s anatomy at the chosen deployment location, the anchor may or may not self-
expand to come into contact with the diameter of the patient’s anatomy at that location.

In its collapsed configuration, anchor 30 preferably has a collapsed delivery diameter
between about 3 to 30 Fr, or more preferably 6 to 28 Fr, or more preferably 12 to 24 Fr. In
some embodiments, anchor 30 in its collapsed configuration will have‘ a length ranging from
about 5 to about 170 mm, more preferably from about 10 to about 160 mm, more preferably
from about 15 to about 150 mm, more preferably from about 20 to about 140 mm, or more

preferably from about 25 mm to about 130 mm.
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Similarly, in its expanded configuration, anchor 30 preferable has a diameter ranging
between about 10 to about 36 mm, or more preferably from about 24 to about 33 mm, or
more preferably from about 24 to about 30 mm. In some embodiments, anchor 30 in its
expanded configuration will have a length ranging from about 1 to about 50 mm, more
preferably from about 2 to about 40 mm, more preferably from about 5 to about 30 mm, or
more preferably from about 7 to about 20 mm.

Overall, the ratio of deployed to collapsed/sheathed lengths is preferably between
about 0.05 and 0.5, more preferably about 0.1 to 0.35, or more preferably about 0.15 to 0.25.
In any of the embodiments herein, anchor 30 in its expanded configuration preferably has a
radial crush strength that maintains the anchor substantially un-deformed in response to a
pressure of up to about 0.5 atm directed substantially radially inward toward the central axis,
or more preferably up to about 2 atm directed substantially radially inward toward the central
axis. In addition, in any of the embodiments herein, the anchor preferably has an axial spring
constant of between about 10 to 250 g/cm, more preferably between about 20 to 200 g/cm, or
more preferably between about 40 to 160 g/cm. In addition, in any of the embodiments
hérein, the anchor is preferably adapted to support the replacement valve at the anchor site in
response to a differential pressure of up to about 120 mm Hg, more preferably up to about
240 mm Hg, or more preferably up to about 320 mm Hg,.

These parameters are not intended to be limiting. Additional parameters within the
scope of the present invention will be apparent to those of skill in the art.

As seen in Figure 49B, anchor 30 may be expanded to a fully deployed configuration
from a partial deployed configuration (e.g., self-expanded configuration) by actively
foreshortening anchor 30 during endovascular deployment. In some embodiments,
foreshortening of the apparatus involves applying a distally directed force on the proximal
end of the anchor by one or more anchor actuation elements to move the proximal end of the
anchor distally while maintaining the position of the distal end of the anchor. For example,
the proximal region of anchor 30 may be pushed distally by certain anchor actuation elements
106, e.g., actuators 106a. Alternatively, foreshortening of the apparatus involves applying a
proximally directed force on the distal end of the anchor by one or more anchor actuation
elements to move the distal end of the anchor proximally while maintaining the position of
the proximal end of the anchor. For example, the distal region of anchor 30 may be pulled
proximally via a proximally directed force applied by post actuation elements 106b, this force

opposed by anchor actuators 106a.
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Anchor actuation elements 106 preferably are adapted to expand radially as the
anchor expands radially and to contract radially as the anchor contracts radially.
Furthermore, proximally or distally directed forces by the anchor actuation elements on one
end of the anchor do not diametrically constrain the opposite end of the anchor. In addition,
when a proximally or distally directed force is applied on the anchor by the anchor actuation
elements, it is preferably applied without passing any portion of a deployment system through
a center opening of the replacement valve. This arrangement enables the replacement valve
to operate during deployment and before removal of the deployment system.

The distal anchor actuation elements may include, for example, actuators 106b and/or
release actuators 112 that are controlled, e.g., by control knobs 124 and 126 of control handle
120. Similarly, the proximal regions of anchor 30 may be pushed distally via proximal
anchor actuation elements, e.g., actuators 106a, at the proximal region of the anchor. The
proximal anchor actuation elements facilitate application of a distally directed force to the
proximal end of anchor 30 to move or constrain the proximal end of the anchor distally and
are controlled through motion of shaft 108 relative to the distal anchor actuation elements.
Control knob 122 of control handle 120 may control release actuators 112 for releasing the
proximal anchor actuation elements from the braid. The proximal anchor actuation elements
may be further adapted to expand as the proximal end of the anchor expands radially during
application of a distally directed force on the proximal end of the anchor. Preferably, the
proximal anchor actuation elements apply a distally directed force on the proximal end of the
anchor system through a plurality of actuators 106a in order to expand the braid of anchor 30.
Such braid expansion optionally may be assisted via inflation of a balloon catheter (see
Figures 25 and 26) reversibly disposed within apparatus 10, as described in U.S. Patent Appl.
Ser. No. 10/746,120.

In the fully deployed configuration, lock elements of posts 32 and anchor lock
elements or buckles 34 of anchor 30 may be used to lock and maintain the anchor in the
deployed configuration. Apparatus 10 may be repositioned or retrieved from the patient until
the lock elements of posts 32 have been interlocked with anchor lock elements 34 of anchor
30 to form lock 40. In one embodiment, actuators 106b and attendant release actuators 112
comprise control elements attached to posts 32 that are threaded through buckles 34 so that
the proximally directed force exerted on posts 32 by the control elements during deployment
pulls a lock element of posts 32 toward and through buckles 34 to form lock 40. In this

manner, the control elements may act as both anchor actuators and lock actuators.
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Such lock optionally may be selectively reversible to allow for repositioning and/or
retrieval of apparatus 10 during or post-deployment. When the lock is selectively reversible,
the apparatus may be repositioned and/or retrieved as desired, i.e., even after actuation of
lock 40.

Locks used herein may also include a plurality of levels of locking wherein each
level of locking results in a different amount of expansion. For example, the anchor lock
elements at the proximal end of the post can have multiple configurations for locking within
the buckle wherein each configuration results in a different amount of anchor expansion (see,
e.g., Figure 50F). Such locking mechanisms may, for example, comprise ratchets having
multiple lock locations. Furthermore, lock alignment features may be provided to facilitate
alignment of the post and anchor lock elements, such as a hinge or an oversized width of the
post or anchor lock elements. Furtherstill, lock prevention mechanisms may be provided to
preclude locking until desired by a medical practitioner.

When apparatus 10 is placed across a patient’s diseased heart valve, anchor 30 may
be used to displace the patient’s native valve leaflets, and replacement valve 20 will
thereafter serve in place of the native valve. After final positioning and expansion, apparatus
10 may be decoupled from delivery system 100 by decoupling the proximal and distal anchor
actuation elements 106 from the apparatus via releasable attachment mechanisms, e.g., by
decoupling proximal actuators 106a from braided anchor 30 and distal actuators 106b from
posts 32 of the anchor via the releasable attachment mechanisms. Moving release actuators
112, e.g., using knobs 122 and 124 of handle 120, may, for example, actuate the releasable
attachment mechanisms. Preferably, the releasable attachment mechanisms may be actuated
by moving the release actuator(s) less than about 1 inch. After decoupling, delivery
system/deployment tool 100 may be removed from the patient, thereby completing
endovascular replacement of a patient’s heart valve.

Prior to implantation of replacement valve apparatus described herein, it may be
desirable to perform a valvuloplasty on the patient’s diseased valve by inserting a balloon
into the valve and expanding it using, e.g., saline mixed with a contrast agent. In addition to
preparing the valve site for implant, fluoroscopic viewing of the valvuloplasty will help
determine the appropriate size of replacement valve implant to use.

Figures 50A-50C show further details of anchor 30 of apparatus 10. Figure 50A
shows the apparatus in a collapsed configuration, such as for delivery within a sheath or other
lumen or for retrieval and recapture into a sheath or other lumen. Figures S50B and 50C show

the anchor and valve in an expanded and locked configuration.
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As shown in Figure 50B, anchor 30 illustratively has three posts and three buckles.
As seen in Figure 50C, the three leaflets of replacement valve 20 may be.coupled to the three
posts 32 along valve support structures. Thus, posts 32 act as valve supports. The posts,
unlike the braid, do not collapse or expand. In some embodiments, a post 32 has one or more
proximal slots 33, at least one proximal hole 36a and at least one distal hole 36b. Leaflet
tissue may, for example, be passed through slot 33 and sutured in place via suture routed
through one or more proximal holes 36a. In this manner, slot(s) 33 and hole(s) 36a may form
a valve support structure. Alternative valve support structures known in the art for fixing
valve leaflets to posts may also be employed.

Posts 32 may be coupled to anchor braid 30 via one or more distal holes 36b. For
example, anchor braid 30 may be woven through holes 36b, or a suture or wire may be routed
through holes 36b and tied to the braid. Yet another proximal hole (not shown) in post 32
serves as an anchor lock element that interfaces with the anchor lock element provided by
buckle 34 to form lock 40. Buckles 34 may likewise be attached to anchor brajd 30 via
weaving or suturing.

Alternative locks may be used to lock the anchor of the present invention in the
foreshortened configuration, as shown, e.g., in Figures 50D-50F. Preferably, a lock of the
present invention can have multiple locking options such that locking can confer a plurality
of amounts of expansion. Furthermore, the locking option can be employed asymmetrically
to confer non-cylindrical shapes to the anchor. In Figure 50D, lock 40° comprises male lock
glement 44 disposed on post 32 and anchor lock element 34 disposed on braided anchor 30.
Anchor lock element 34 illustratively comprises triangular protrusion or eyelet 42 of anchor
30. The triangular shape of female lock element 42 may facilitate mating of male lock
element 44 with the female lock element without necessitating deformation of the male lock
element. One or more holes 45 may be provided through post 32, e.g., for releasably
attaching an actuator 106b to the post.

In Figure 50E, lock 40°* comprises alternative male lock element 44’ having multiple
in-line arrowheads 46 along posts 32. Each arrowhead comprises resiliently deformable
appendages 48 to facilitate passage through female lock element 42, which illustratively
comprises a rounded eyelet. Appendages 48 optionally comprise holes 49, such that
releasable lock prevention mechanism 47, illustratively a control wire, may pass through the
holes to constrain the appendages in the deformed configuration. To actuate lock 40°”, one or

more arrowheads 46 of male lock element 44’ are drawn through female lock element 42°,
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e.g., via a post/lock actuator, and the lock prevention mechanism is removed from holes 49,
thereby causing appendages 48 to resiliently expand and actuate lock 40,

Advantageously, providing multiple arrowheads 46 along posts 32 yields a ratchet
that facilitates in-vivo determination of a degree of foreshortening and expansion imposed
upon anchor 30. Furthermore, optionally constraining appendages 48 of arrowheads 46 via
mechanism 47 prevents actuation of lock 40°* (and thereby deployment of apparatus 10) even
after male element 44’ has been advanced through female element 42°. Only after a medical
practitioner has removed lock prevention mechanism 47, which constrains appendages 48, is
lock 40”’ fully engaged and is deployment no longer reversible.

Lock 40°** of Figure 50F is similar to lock 40”* of Figure 50E, except that holes 49
on appendages 48 have been eliminated, and the lock prevention mechanism comprises
overtube or cover 47. Overtube 47 constrains appendages 48 to prevent locking until a
medical practitioner has determined that apparatus of the present invention has been
foreshortened and positioned adequately at a treatment site. Lock 40”°’ may, for example, be
actuated by applying a proximally-directed force to actuator 106b. Actuator 106b
illustratively comprises a control wire releasably disposed through hole 45 in post 32. Lock
prevention mechanism 47 then is withdrawn proximally relative to anchor 30, which causes
the appendages to resiliently expand, thereby fully actuating lock 40°’.

Referring now to Figure 51, a detail view of a variation of post 32 is described. In

Figure 51, post 32 illustratively comprises actuator attachment element 250 for attaching the
post to an actuator 106b; post lock element 252, illustratively a slot, for interlocking post 32
with an anchor lock element 34; valve attachment structure 254, comprising slot 255 and a
plurality of holes 256, for attaching replacement valve 20 to the post (a tab of the valve may
be passed through slot 255, then sewn to the back of the post through holes 256); and braid
attachment element 258 for attaching the post to a distal region of anchor 30. The braid of
anchor 30 may, for example, be interwoven through braid attachment element 258. Post 32
may be fabricated from a variety of materials, e.g., metallic materials such as stainless steel,

and may be laser cut, die cast, etc. In this variation of post 32, valve 20 is disposed distal of

“lock element 252. In alternative variations, the valve may be attached to the post proximal of

the lock element or in-line with the lock element (i.e., neither proximal nor distal to the lock).
Figures 52 provide an alternative variation of post 32. In Figures 52, post 32

comprises lock element 260 having lock alignment feature 262, illustratively hinge 263.

Hinge 263 allows lock element 260 to rotate from a position in line with post 32, as in Figure

52A, to a position out of alignment with the post, as in Figure 52B, thereby facilitating
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alignment with an anchor lock eiement 34. As shown, post 32 further comprises actuator
attachment element 264, illustratively an eyelet, valve support structure 266 having slot 267
and a plurality of holes 268, and braid attachment element 269.

Figures 53 illustrate an alternative variation of lock alignment feature 262 comprising
spring 270. As with hinge 263, spring 270 facilitates alignment of post lock element 260
with an anchor lock element 34 by allowing the post lock element to rotate from a position in
line with post 32, as in Figure 53A, to a position out of alignment with the post, as in Figure
53B. Spring 270 also applies a restoring force that urges post lock element 260 back into
alignment with post 32. Furthermore, spring 270 may facilitate dynamic elongation of post
32 in response to axial tension. This elongation may facilitate axial lengthening of anchor 30
in response to radially inward compression applied to the anchor.

With reference to Figure 54, another variation of post 32 is provided comprising
expansion zone 280, which may, for example, comprise a laser cut feature along post 32.
Expansion zone 280 facilitates dynamic elongation of post 32 in response to axial tension
applied to the post, which facilitates axial lengthening of anchor 30 in response to radially
inward compression applied to the anchor. Figure 55 illustrates an alternative expansile
element 290 comprising a curved wire or rod that may be elongated and straightened through
application of axial tension to facilitate axial lengthening of the anchor in response to radially
inward compression applied to the anchor (and thereby axial tension applied to post 32 via
interaction between post lock element 260 and an anchor lock element 34).

Element 290 additionally or alternatively may serve as a lock alignment feature. In
such a configuration, element 290 optionally may not be expansile. More generally, post 32
may comprise proximal and distal ends connected by a ténsile member.

Figures 56 illustrate another variation of post 32 having another alternative lock
alignment feature 262. In Figures 56, actuator 106b applies a proximally-directed force
which brings post lock element 260 and anchor lock element 34 proximate to one another
allowing the system to lock. Anchor lock element 34 defines a lock width W;. In this
embodiment, lock alignment feature 262 comprises post lock element lock area or width W,
that is substantially wider than the lock width W, for example, at least about twice as wide.
This increased width enhances the probability of interlocking the post and anchor lock
elements, even at sharply misaligned angles. In Figures 56, post 32 and anchor lock element
34 are disposed at an illustrative misalignment angle of about 10°.

Referring now to Figure 57, the variation of post 32 of Figure 51 is shown in
combination with an illustrative actuator 106b and release actuator 112. In Figure 57,
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actuator 106b illustratively comprises rod 300 having post attachment element 302 that mates
with actuator attachment element 250 of post 32. Angled camming surfaces 304 and 305 of
post attachment element 302 and actuator attachment element 250, respectively, form an
interface between post attachment element 302 and actuator attachment element 250.
Proximal movement of actuator 106b with respect to post 32 is translated by the camming
surfaces into a lateral force between the two elements that acts to separate and release post 32
from actuator 106b,. Release actuator 112, illustratively tube 310, may be advanced over
actuator 300 to cover the camming surface interface of the post and the actuator 106b,
thereby forming a releasable attachment mechanism for securing the post to the actuator even
during application of axial tension to the actuator. To separate post 32 from actuator 106b,
e.g., after expansion and locking of anchor 30, release actuator 112 may be retracted relative
to actuator 106b to the position shown in Figure 57, thereby removing a constraint from
camming surfaces 304 and 305 and allowing the post and actuator to be pulled apart. Release
actuator 112 preferably is retracted less than about 1 inch relative to the actuator 106b in
order to actuate the releasable attachment mechanism, e.g., to remove constraint from
camming surfaces 304 and 305.

Referring now to Figures 58, an alternative releasable attachment mechanism for
attaching a variation of post 32 to a variation of actuator 106b is described. In Figures 58A
and 58B, post 32 having actuator attachment element 320, illustratively an enlarged proximal
opening within the post, is interference fit with post attachment element 330 of actuator 106b,
illustratively an enlarged b{11b, knob or other distal protrusion of the actuator. The slope of
element 330 provides a camming surface that interfaces with an inside surface of opening
320. The angle of the camming interface between element 330 and opening 320 translates
proximal movement of actuator 106b with respect to post 32 into a latéral movement between
actuator 106b and post 32, thereby separating these elements. Release actuator 112,
illustratively tube 310, covers the interference fit releasable attachment mechanism to
preclude lateral movement of the post attachment element relative to the actuator attachment
element, thereby releasably attaching the post to the actuator 106b. In Figure 58C, tube 310
is retracted relative to the post and actuator, which permits lateral movement between the
post and actuator attachment elements, thereby separating actuator 106b from post 32. If tube
310 has not been retracted, of course, proximal movement of actuator 106b moves post 32
and the distal portion of the anchor proximally.

Figures 59 illustrate a variation of the releasable attachment mechanism of Figures 58.

In the variation of Figures 59, actuator attachment element 320 of post 32 is deformable from
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a substantially round profile to an oval or “figure eight” profile by advancement of release
actuator 112 over the attachment element. This forms a releasable attachment mechanism. In
the deformed profile of Figures 59A and 59B, post attachment element 330 of actuator 106b
is interference fit with the deformed actuator attachment element of post 32. In Figure 59C,
retraction of release actuator 112 relative to the post and actuator allows actuator attachment
element 320 to resiliently resume its un-deformed or at-rest configuration, thereby permitting
separation of post 32 from actuator 106b. Actuator attachment element 320 may, for
example, be fabricated from a shape memory material, such as Nitinol. A camming surface
331 on post attachment element 330 and a corresponding surface on the inner portion of
element 320 translate proximal movement of actuator 106b with respect to post 32 into lateral
movement of element 330 with respect to element 320 when release actuator 112 has been
retracted.

In the variation of Figures 60, post attachment element 330 is deformable (as in
Figures 60A and 60B), and anchor attachment element 320 may be interference fit with the
post attachment element. Figure 60C shows the post attachment element 330 in its at-rest
configuration after tube 310 has been retracted, thereby releasing anchor attachment element
320. As will be apparent, for many or all of the two-part locking or attachment element
elements described herein, the position of the elements may be reversed.

In Figures 61, post attachment element 330 comprises wrap portion 332 that may be
inserted through anchor attachment element 320, illustratively an eyelet, wrapped backwards,
then covered with release actuator tube 310 to constrain the wrap portion 332 in the wrapped
configuration, as in Figure 61A. Release actuator tube 310 may be retracted relative to the
wrap portion to resiliently or dynamically (e.g., by retracting actuator 106b relative to post
32) reshape the wrap portion to a substantially straight configuration for releasing the
attachment between the post and the actuator, as in Figure 61B. Wrap portion 332 preferably
is fabricated from a shape memory material, such as Nitinol, or a resilient material, such as
spring steel.

Figure 62 shows another variation of the post, actuator and anchor lock element. In
Figure 62, post 32 comprises post lock element 260 and actuator attachment element 264,
illustratively an eyelet, through which actuator 106b is reversibly disposed. Anchor lock
element 34 illustratively comprises a buckle, which may, for example, be formed from a cut
tube or a bent resilient material. Anchor lock element 34 comprises anchor or braid
attachment element 340 for attaching the buckle to anchor 30, and tab 342 for interlocking
the buckle with post lock element 260, which illustratively is a slot formed through post 32.
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Actuator 106b therefore actuates the post (and therefore the distal end of the anchor to which
the post is attached) as well as the anchor lock. Actuator 106b may be released from the post
(and therefore from the anchor) by pulling one end of the control wire proximally to draw the
control wire through and out of opening 264.

Anchor lock element 34 also comprises optional unlock actuator attachment 344,
illustratively a pair of eyelets, through which unlock actuator 350 is releasably coupled to
anchor lock element 34. Unlock actuator 350 illustratively comprises a control wire. Upon
locking of tab 342 of buckle 34 within slot 260 of post 32, a proximally-directed force
applied to unlock actuator 350 may remove the tab from the slot, thereby unlocking buckle 34
and post 32 and permitting the anchor to contract and elongate. Unlocking may be utilized,
for example, to reposition or retrieve the anchor and valve apparatus even after the apparatus
has been locked in the fully deployed configuration, as described previously with respect to
Figures 5.

Figures 63 show another variation of the actuator, the lock actuator and the release
actuator. As with other anchor lock elements, anchor lock element 34 in this embodiment is
attached to a proximal end of the anchor, and the distal end of post 32 is attached to a distal
end of the anchor. The anchor is not shown in Figures 63 for ease of illustration. For the
purposes of illustration, the unlock actuator also is not shown in Figures 63.

As shown, actuator 106b actuates both post 32 (and therefore the distal end of the
anchor to which the post is attached) and the lock formed between post lock element 260 and
anchor lock element 34. In Figure 63A, release actuator 112 passes through actuator 106b to
actuate the releasable attachment mechanism between post 32 and actuator 106b. Figure 63B
provides a detail view of the releasable attachment mechanism. Actuator 106b comprises
wrap portion 360 that passes through actuator attachment element 264 and wraps around the

end of post 32. Wrap portion 360 may comprise a shape memory material, such as Nitinol, or

" a deformable material, e.g., a resiliently deformable material.

Wrap portion 360 further comprises first opening 362 for engaging release actuator
112, illustratively a wire or rod that passes through lumen Lu of actuator 106b. The walls of
the lumen act a linear bearing and/or motion guide during advancement and retraction of the
release actuator relative to the actuator. Actuator 106b also comprises second opening 364,
which may be aligned with first opening 362 to engage release actuator 112, as shown. As
seen in the cross-sectional view of Figure 63C, wrap portion 360, and especially the curved
portion 361 of the wrap portion, acts as a spring element that urges the first opening out of

alignment with the second opening. In this manner, release actuator 112 may be interference
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or friction fit through first opening 362 and second opening 364. Retraction of the release
actuator proximal of the first and second openings may actuate the releasable attachment
mechanism to resiliently or dynamically unwrap portion 360 and release actuator 106b from
post 32. Wrap and/or curved portion 360/361 of actuator 106b illustratively is disposed at a
distal end of the actuator.

As will be apparent to those of skill in the art, the releasable attachment mechanism of
Figures 63 may also be utilized to attach a actuator 106a to a braided anchor 30. More
generally, wrap portion 360 provides an illustrative first shape on an anchor actuation
element 106 that is adapted to mate with a second shape on a post or anchor actuator
attachment element (such as element 264 in Figures 63, or a wire of the braid of anchor 30) to
substantially prevent relative distal or proximal movement between the anchor actuation
element and the anchor. The apparatus further comprises a release actuator adapted to actuate
the releasable attachment mechanism. The release actuator is adapted to be moved to permit
relative movement between the first shape and the second shape. This relative movement
may change the first shape and/or the second shape to a third shape that permits relative distal
or proximal movement between the anchor actuation element and the anchor or post.
Furthermore, this relative movement may separate the anchor actuation element from the
anchor or actuator attachment element.

Figure 64 illustrates a variation of the anchor lock element of Figures 63. In Figure
64, anchor lock element 34 comprises lock alignment feature 370. Feature 370 comprises
engagement portion 372, illustratively a loop, that is adapted to engage post 32 before
engagement of anchor lock element 34 (i.e., before engagement of tab 342 of the anchor lock
element) with post lock element 260. Feature 370 ensures alignment of the post and buckle
prior to locking. Furthermore, feature 370 adds additional strength to anchor lock element 34
and opposes inwardly-directed forces applied to element 34 when valve 20 of apparatus 10
closes during diastole.

Referring now to Figures 65, actuation of the apparatus of Figure 64 is described. As
seen in Figure 65A, anchor lock element 34 is advanced distally relative to post 32, for
example, by applying a distally-directed force to the anchor via anchor actuator 106a to move
the proximal portion of the anchor distally while maintaining the position of post 32 via
actuator 106b. Alternatively or additionally, a proximally-directed force may be applied to
post 32 via actuator 106b while maintaining the position of the proximal end of the anchor to
move the distal portion of the anchor proximally. Lock alignment feature 370 engages the
proximal end of the post prior to interlocking of tab 342 of anchor lock element 34 with post
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lock element 260, thereby ensuring proper alignment. Continued retraction of post 32
relative to buckle 34 locks the post into the buckle, as shown in Figure 65B. This also
expands apparatus 10 to the fully deployed configuration of, e.g., Figures 49B and 50C.
Next, release actuator 112 is retracted proximally relative to actuator 106b, which causes
wrap portion 360 of the actuator to resiliently or dynamically swing outwards, thereby
bringing first opening 362 and second opening 364 out of alignment. Proximal retraction of
actuator 106b relative to post 32 removes wrap portion 360 from actuator attachment element
264 of post 32.

Figure 66 shows a variation of the apparatus of Figures 64 and 65. In Figure 66,
anchor lock element 34 comprises locking hoop 380, while post lock element 260 comprises
a wrapped or curved proximal end of post 32. The curved proximal end also forms actuator
attachment element 264. Wrap portion 360 of actuator 106b is wrapped about the curved end
of post 32. Release actuator 112, passing through first opening 362 and second opening 364
of actuator 106b, releasably secures this attachment. The release actuator further comprises
kink 390 that facilitates passage of the actuator through release actuator attachment elements
392 of post 32, illustratively eyelets. When disposed through elements 392, release actuator
112 further acts as a lock prevention mechanism that precludes locking of the curved
proximal end of post 32 with hoop 380 of anchor lock element 34.

In use, the proximal end of post 32 may be }etracted through hoop 380 of anchor lock
clement 34. Release actuator 112 then may be retracted relative to anchor actuator 106b and
post 32, such that the release actuator is disposed proximal of attachment elements 392 of the
post. Next, post 32 may be allowed to distally advance until its curved proximal end catches
and locks against hoop 380 of element 34. Continued retraction of release actuator 112
relative to actuator 106b facilitates separation of the actuator from the post, as described
previously.

Referring now to Figure 67, an embodiment of post 32 is described that is configured
to lock against the braid of anchor 30, as opposed to a separate anchor lock element 34. Post
lock element 260 illustratively comprises bent tab 400 that catches against the anchor braid to
lock the anchor in a deployed configuration.

Figures 68 illustrate locking and unlocking of a variation of anchor lock element 34.
Anchor lock element 34 of Figures 68 is similar to the buckle variation of element 34
described previously with respect to Figures 62 and 63. However, the variation of Figures 68
is fabricated from a strip of material that is bent to form a wrapped or curved portion. Figure

68A illustrates the apparatus prior to locking, Figure 68B illustrates the locked configuration,
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and Figure 68C illustrates unlocking through application of a proximally-directed unlocking
force to unlock actuator 350.

Figures 69 show yet another embodiment of a releasable actuation mechanism.
Anchor lock element 34 comprises lock alignment mechanism 410 disposed proximal of
locking tab 412. As shown, lock alignment mechanism 410 engages the distal end of post 32
to align the post and the anchor lock element prior to locking of post lock element 260 with
tab 412 of anchor lock element 34. Lock alignment mechanism 410 adds additional strength
to anchor lock element 34 and opposes inwardly-directed forces applied to element 34 when
valve 20 of apparatus 10 closes during diastole. Advantageously, the inwardly-directed
forces act to maintain apparatus 10 in the locked configuration. Mechanism 410 optionally
may be formed from a cut tube.

Figures 70 illustrate a variation of anchor lock element 34 that may be formed from a
cut tube. As seen in Figures 70A and 70B, element 34 comprises tabs 420 for engaging the
curved proximal end of post 32 that forms post locking element 260. In order to lock the post
to element 34, the curved distal end of the post is retracted proximally of tabs 420 by the
action of proximal tension on post 32 by actuator 106b while element 34 is held stationary, as
described above. As it enters anchor lock element 34, the curved end of the post is cammed
inward by the engagement of the distal edge of element 34 with the outer surface of the
curvéd end. Once proximal of tabs 420, the curved end of the post moves outward, thereby
locking the apparatus and preventing subsequent distal movement of post 32 with respect to
element 34. To unlock the apparatus, the curved portion of the post is drawn further
proximally by actuator 106b until the tip of the curved portion moves into an opening 422
formed in element 34. As seen in Figures 70C and 70D, resilient distal advancement of the
post relative to element 34, e.g., via resilient expansion of the braid of anchor 30, deforms
and straightens the curved proximal end of post 32 through a camming engagement of the
underside of the curved portion of the post with the inner surface of opening 422, thereby
allowing actuator 106b to slide off of post 32, unlocking apparatus 10. The curved portion of
post 32 optionally may be formed from a shape memory material, such that the post resumes
its curved profile for subsequent relocking after unlocking.

Figures 71 illustrate a variation of post 32 and anchor lock element 32. Anchor lock
element 34 illustratively comprises a curved portion 35 that engages and enters the slot of
post lock element 260 to lock the anchor as post 32 is drawn proximally into element 34 by
actuator 106b. After locking, continued proximal retraction of post 32 by actuator 106b

engages the distal end of the curved portion of element 34 with a camming surface 430 of
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post 32. Resilient distal advancement of post 32 (such as by the resilient contraction and
elongation of the anchor to its at-rest configuration) then deforms and straightens the
wrapped end of element 34, thereby permitting anchor lock element 34 to separate from post
32, unlocking the apparatus.

Figures 72 and 73 illustrate additional buckle variations of anchor lock element 34.
Proximal movement of post 32 into anchor lock element 34 (by, e.g., actuator 106b) engages
a bottom surface 702 of a curved portion 700 of element 34 with the proximal end of post 32.
Further proximal movement of post 32 with respect to element 34 cams curved portion 700
forward until the curved end 704 of curved portion 700 meets and resiliently moves into
opening 260 in post 32, locking the apparatus. The variation of Figures 73 illustrates
attachment to the braid of anchor 30 via sutures or the like passed through openings 340 in
element 34. The lock is unlockable via unlock actuator 350.

Referring now to Figure 74, an embodiment of a post 32 and anchor lock element 34
with a ratcheting lock is described. Post 32 comprises previously described actuator
attachment element 250 that is releasably secured to post attachment element 302 of actuator
106b. (Other releasable attachment mechanisms may alternatively be used.) Post 32 also
comprises braid attachment element 430 and valve attachment structure 432. In the variation
of Figure 74, valve attachment structure 432 comprises tab 433 that extends from post 32, as
well as a plurality of holes 434 through post 32 and a plurality of holes 435 through tab 433.
Replacement valve 20 may be attached to post 32 by sewing the valve to the valve attachment
structure through holes 434 and/or 435.

Post 32 further comprises ratcheting locking element 440 having a plurality of
inclined planes with camming surfaces 442 and friction surfaces 443. The inclined planes are
disposed along either side of tab 433 for ratcheting and locking against ratcheting anchor lock
element 34. Anchor lock element 34 comprises ratchet teeth 450 on either side of the valve
attachment elements that cam against surface 442 and lock against friction surfaces 443 of
element 440 of post 32, as post 32 is proximally retracted through element 34.
Advantageously, providing multiple rows of inclined plane ratchets along post 32 facilitates
interlocking of the post and the element at multiple discrete locations.

Element 34 comprises proximal and distal sloté 452 that receive post 32, as well as
central longitudinal slot 453 that facilitate passage of tab 433 (and thereby valve 20)
therethrough. Actuator 106b may be disposed through slots 452 prior to approximation and
locking of the post to anchor lock element 34 in order to facilitate alignment of the post and

the anchor lock element. Element 34 may be ratcheted to any position along ratchet lock
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element 440 to achieve any desired locking configuration and degree of expansion of
apparatus 10. Valve attachment structure 432, and thereby replacement valve 20, may be
positioned proximal of the ratchet lock post-deployment or in line with the ratchet lock (i.e.,
neither proximal nor distal to the ratchet lock). Element 34 further comprises unlock actuator
attachment(s) 454 for coupling the element to an unlock actuator, e.g., previously described
unlock actuator 350, to unlock element 34 by applying a proximally-directed unlocking force
that displaces ratchet teeth 450 from friction surfaces 443.

Figures 75 illustrate variations of the apparatus of Figure 74. Ratchet lock elements
440 of posts 32 in Figures 75 comprise a plurality of ratchet slots 444 in which ratchet tooth
450 of anchor lock element 34 may be locked. Ratchet tooth 450 comprises proximal friction
surface 456 and distal camming surface 457 to facilitate proximal retraction of a post 32
through slot 452 for ratcheting of camming surface 457 through ratchet slots 444, but to
preclude distal advancement of the post once ratchet tooth 450 is engaged within ratchet slots
444 by locking a ratchet slot against friction surface 456. As with the variation of Figure 74,
anchor lock element 34 is unlockable and comprises unlock actuator attachment 454. In
contrast to the variation of Figure 74, the ratchet lock is disposed proximally of valve
attachment structure 432, and thereby proximally of replacement valve 20. In Figure 75A,
valve attachment structure 432 comprises slot 436 instead of tab 433.

Figures 76 illustrate another variation of the ratchet lock of Figure 74. In Figures 76,
ratchet lock elements 440 of post 32 extend along only one edge of the post. Thus, anchor
lock element 34 comprises unitary ratchet tooth 450 for camming against surfaces 442 and
locking against friction surfaces 443 of elements 440 of post 32, as post 32 is proximally
retracted through element 34. ‘

The apparatus of Figures 76 also comprises unlock or adjustment actuator 500 that is
releasably attached to anchor lock element 34 along unlock actﬁator attachment 454.
Actuator 500 comprises two independently or concurrently actuable elements: adjustment
element 510 and release element 520. Adjustment element 510 comprises elongated member
512 having protrusion 514 with lumen 515, as well as distal extension 516 with notch 518
having optional camming surface 519. Release element 520 comprises elongated member
521, which may, for example, comprise a mandrel, that is configured for passage through
lumen 515 of protrusion 514 of adjustment element 510. Elongated members 512 and 521 of
actuator 500 preferably extend through delivery system 100 to the exterior of the patient for

independent or concurrent advancement and/or retraction by a medical practitioner.
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As seen in Figure 76A, notch 518 of adjustment element 510 of actuator 500 may be
positioned within unlock actuator attachment 454 of anchor lock element 34 during
deployment of apparatus 10. As seen in Figure 76B, anchor lock element 34 is locked within
ratcheting lock elements 440 of post 32 by proximally retracting actuator 106b relative to
anchor lock element 34. Release element 520 then may be advanced relative to adjustment
element 510 to position elongated member 521 within unlock actuator attachment 454
adjacent distal extension 516 of adjustment element 510. This serves to friction lock or
interference fit actuator 500 within attachment 454 along notch 518 of adjustment element
510. Thus, concurrent advancement and/or retraction of the adjustment and release elements
of actuator 500 by a medical practitioner causes anchor lock element 34 to move in unison
with actuator 500. As will be apparent, actuator 500 alternatively may be friction locked with
anchor lock element 34 prior to full deployment of apparatus 10. Furthermore, actuator(s)
500 may assist, or be used in place of, actuators 106a to deploy apparatus 10.

As seen in Figure 76C, the lock formed between anchor lock element 34 and post 32
may be unlocked or adjusted, as desired, by applying a lateral unlocking force to ratchet tooth
450 via actuator 500 that pulls the ratchet tooth away from a friction surface 443 of ratcheting
lock elements 440. Actuator 500 then may be distally advanced or, as seen in Figure 76D,
proximally retracted relative to ratcheting lock elements 440 and post 32 to further expand or
partially collapse anchor 30, respectively (further expansion alternatively may be achieved by
further ratcheting ratchet tooth 450 along camming surface 442 of ratcheting lock elements
440, e.g., by further proximally retracting actuator 106b, which is not‘ shown in Figures 76C-
76F for the sake of clarity). Anchor actuation elements 106 may assist such controlled
expansion or collapse anchor 30.

When (re-)positioned at a desired location and/or when a desired degree of locking
has been achieved, the lateral unlocking force may be removed from ratchet tooth 450 to
again lock anchor lock element 34 to post 32 along ratcheting lock elements 440, as in Figure
76E. To complete deployment of apparatus 10, adjustment actuator 500 and actuator 106b,
as well as actuator 106a (not shown), may be separated from the apparatus. In Figure 76F,
release element 520 of actuator 500 is proximally retracted relative to adjustment element
510, thereby removing elongated member 521 of release element 520 from unlock actuator
attachment 454 of anchor lock elément 34. This removes the interference fit between notch
518 and attachment 454. Proximal retraction of actuator 500 relative to anchor lock element
34 detaches adjustment element 510 of actuator 500 from attachment 454 of anchor lock
element 34, as in Figure 76G. Optional camming surface 519 along notch 518 may facilitate
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such detachment. In Figure 76H, actuator 106b is detached from post 32 by retracting release
actuator 112 relative to the actuator, as described previously.

Referring now to Figures 77, another variation of an adjustable ratcheting lock
element is described. As seen in Figure 77A, post 32 comprises tube 470 having lumen 471
and ratcheting lock element 472, illustratively a plurality of slots that communicate with
lumen 471. Post 32 also comprises valve support structure or attachment element 474 and
braid attachment element 476.

Anchor lock element 34, which may be fabricated from a cut tube, comprises a
substantially cylindrical structure having braid attachment element 480, lumen 482 and tabs
484. As seen in the top view of Figure 77B, tabs 484 of anchor lock element 34 are
configured for locking within the slots of ratcheting lock element 472 of post 32. As seen in
the top view of Figure 77C, adjustment actuator 490, illustratively mandrel M having tapered
distal end 494 that acts as a camming surface, may be advanced through lumen 481 of anchor
lock element 34 and lumen 471 of tube 470 of post 32, to displace tabs 484 from the locking
slots of post 32, thereby unlocking the post from the anchor lock element. This facilitates, for
example, readjustment of a degree of locking/expansion of apparatus 10, repositioning of
apparatus 10, retrieval of apparatus 10, etc. 7

Figures 78 illustrate a variation of anchor lock element 34 wherein tabs 484 are
positioned along a different axis. This may provide a more secure lock between post 32 and
anchor lock element 34. Figures 79 illustrate a variation of post 32 configured for use with
the variation of anchor lock element 34. In Figures 69, post 32 comprises groove 478 that
connects the slots of ratcheting lock element 472. Groove 478 does not communicate with
lumen 471 of tube 470 of post 32. Rather, the groove may act as a lock alignment
mechanism that guides tabs 484 of anchor lock element 34 along post 32 and ratcheting lock
element 472, as seen in the top view of Figure 79B.

Referring now to Figures 80, a method of actuating the variation of Figures 78 is
described. As seen in Figure 80A, adjustment actuator 490 is initially disposed through
lumen 482 of anchor lock element 34 and within lumen 471 of post 32. Post 32 then may be
proximally retracted relative to anchor lock element 34, e.g., via actuator 106b (not shown).
In Figure 80B, actuator 490 serves as a lock prevention mechanism that precludes locking of
tabs 484 within ratcheting lock element 472. In Figure 80C, actuator 490 is retracted relative
to post 32 and anchor lock element 34, which opens up lumen 471 of tube 470 and allows
tabs 484 to pass through the slots of ratcheting lock element 472, thereby locking the post to
the anchor lock element. In Figure 80D, actuator 490 is re-advanced within lumen 471, such
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that tapered distal end 494 of mandrel M serves as a camming surface that urges tabs 484 out
of lumen 471 as the actuator is advanced. This unlocks the post from the anchor lock element
to facilitate adjustment, repositioning or retrieval of apparatus 10. In Figure 80E, a degree of
locking/expansion of the apparatus is adjusted by repositioning anchor lock element 34
relative to post 32, and thereby tabs 484 relative to ratcheting lock element 472. When
properly adjusted, actuator 490 may be removed from lumen 471 of tube 470 of post 32, as in
Figure 80F. Tabs 484 resiliently return to the locked configuration within the slots of
ratcheting lock element 472.

Referring now to Figures 81, an embodiment of anchor actuator 106a is described.
Actuator 106a comprises elongated member 600 having proximal extension 602 that may be
attached, for example, to previously described multi-lumen shaft or catheter 108 of delivery
system/deployment tool 100 (see Figures 49), e.g., via epoxy, UV curing, etc. Lumen 601
extends through elongated member 600 from proxirpal extension 602 to releasable
attachment mechanism 604. Releasable attachment mechanism 604 releasably attached
actuator 106a to the braid of anchor 30. The mechanism comprises release actuator 112 and
illustratively is similar to the previously described releasable attachment mechanism of
Figures 63-65. Release actuator 112, illustratively a mandrel, passes through a lumen Lu of
multi-lumen shaft 108 and then through lumen 601 of actuator 106a to mechanism 604.

Actuator 106a further comprises shaping features 606 that affect a shape of the anchor
actuator when an anchor actuation force is applied to anchor 30. These features may
comprise, for example, reduced diameter portions of the actuator, reduced wall thickness
portions of the actuator and/or slits formed in the anchor actuator. Application of an anchor
actuation force may, for example, provide actuator 106a with the profile seen in Figure 81A.
This profile may facilitate expansion of anchor 30/apparatus 10. As will be apparent, shaping
features may be provided with any anchor actuation elements 106, including any of the
previously described variations of actuators 106b.

As seen in Figures 82, releasable attachment mechanism 604 comprises wrap portion
610 that may, for example, pass through the braid of anchor 30 and wrap around the proximal
end of the anchor. Wrap portion 610 may comprise a shape memory material, such as
Nitinol, or a deformable material, e.g., a resiliently deformable material. The wrap portion
comprises first opening 612 for engaging release actuator 112. The walls of lumen 601 of
elongated member 600 may act as a linear bearing and/or motion guide during advancement
and retraction of the release actuator relative to the actuator. Actuator 106a also comprises

second opening 614, which may be aligned with first opening 612 to engage release actuator
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112, as shown. Wrap portion 610, and especially curved portion 611 of the wrap portion, acts
as a spring element that urges the first opening out of alignment with the second opening to
engage and hold release actuator 112 in place.

As seen in Figure 82C, when the release actuator is retracted proximally relative to
the actuator, wrap portion 610 resiliently or dynamically swings outwards. Thereafter,
proximal retraction of anchor actuator 106a relative to anchor 30 detaches wrap portion 610,
and thereby actuator 106a, from the anchor. Surface 616 of wrap portion 610 may act as a
camming surface as the inner surface of wrap portion 610 slides along the anchor braid 30 to
facilitate such detachment.

In this manner, release actuator 112 may be interference or friction fit through first
opening 612 and second opening 614. Retraction of the release actuator proximal of the first
and second openings actuates releasable attachment mechanism 604 to resiliently or
dynamically unwrap portion 610 and release actuator 106a from anchor 30. Wrap portion
610 of actuator 106a illustratively is disposed at a distal end of the actuator.

With reference to Figures 83, a variation of releasable attachment mechanism 604 is
described. In Figures 83, wrap portion 610 illustratively comprises tabs 618 that act as an
alignment mechanism for aligning the wrap portion of mechanism 604 with elongated
member 600. This may facilitate advancement of release actuator 112 through mechanism
604. Figures 84 illustrate a variation of tabs 618 wherein the tabs are rounded. This may
reduce friction, provide an atraumatic surface, etc. Additional shapes for tabs 618 will be
apparent. Alternatively, tabs 618 may act as spring elements which are loaded when element
630 is seated, as shown in figure 84B. In this configuration tabs 618 apply a force directed
towards element 630 such that 630 will be gjected when element 112 is retracted. In this way
tabs 618 apply a restraining force on element 112 which reduces the risk of an early release. -

Figures 85 illustrate a variation of wrap portion 610 that comprises a substantially
straight distal region in an at-rest configuration, as seen in Figure 85C. It is expected that
providing a substantially straight distal region along wrap portion 610 may facilitate
detachment of actuator 106a from anchor 30, i.e., may reduce a risk of snagging the wrap
portion along the braid of the anchor. The wrap portion may be resiliently deformed for
passage of release actuator 112 through first opening 612, as in Figures 85A and 85B.

Referring now to Figures 86, variations of release actuator 112 for use with releasable
attachment mechanism 604 are described. In Figure 86A, the release actuator comprises a
simple mandrel. In Figures 86B and 86C, the release actuator comprises protrusion 620
having friction surface 621. In Figure 86D, actuator 112 comprises coil 622. In Figures 86E-
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86H, the actuator comprises kink 624, which may act as a camming surface, as shown. The
kink may also provide tactile feedback to a medical practitioner. In Figures 861 and 867, the
release actuator comprises ball or knob 626 disposed proximal of the actuator’s distal end. In
Figures 86K and 86L, ball 626 is disposed at the distal end of actuator 112. The ball may act
as a camming surface. In Figure 86M, actuator 112 comprises protrusion 628 having
proximal camming surface 629. In Figure 86N, the actuator comprises oblong protrusion 430
having friction surface 431. Additional variations of actuator 112 will be apparent.

Referring now to Figures 87, an embodiment of delivery system/deployment tool 100
is described. Figure 87A provides a detail view of multi-lumen catheter 108 and sheath 110.
As discussed previously catheter 108 comprises central lumen 109 and a plurality of
circumferentially-disposed lumens Lu.

As seen in Figure 87B, actuator 106a is coupled to catheter 108 via proximal
extension 602, such that lumen 601 is coaxially disposed within a lumen Lu of the catheter.
Release actuator 112 extends through lumens Lu and 601. Actuator 106a is distally attached
to the braid of anchor 30 along releasable attachment mechanism 604. For the sake of clarity,
a single actuator 106a is shown in Figure 87B, but multiple such actuators preferably are
provided, as in Figures 88 described hereinafter.

Figure 87B also illustrates actuator 106b. The actuator extends through a lumen Lu
of catheter 108 and through anchor lock element 34 to post 32 (not shown). Unlock actuator
350 is also provided and extends through a lJumen Lu to unlock actuator attachment 344 of
anchor lock element 34. Anchor lock element 34 illustratively comprises the variation
described previously with respect to Figures 68. The element is attached to the braid of
anchor 30 along anchor, attachment elements 340. As with actuator 106a, a single anchor
lock element 34 and actuator 106b are shown in Figure 87B. This is only for the sake of
clarity, and multiple such actuators may be provided, e.g., three actuators.

Referring now to Figures 88, delivery system/deployment tool 100 is shown with a
plurality of actuators 106a and actuators 106b for releasable attachment to anchor 30 of
apparatus 10. In Figure 88A, anchor actuation elements 106a are coupled to the anchor. In
Figure 88B, the elements are decoupled from the anchor.

With reference now to Figures 89, a variation of the delivery system/deployment tool
of Figures 87 and 88 is described comprising a plurality of arms or actuators that extend from
a unitary structure. Unitary structure 650, which may extend from a distal region of multi-
lumen shaft 108, is preferably fabricated from a laser-cut tube. Structure 650 comprises a

plurality of circumferentially disposed arms 652 that serve as actuators. Expansile elements
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654 may be d\isposed between arms 652 and facilitate constraint of the arms radially outward
or inward with respect to other arms as the anchor reshapes. Figure 89A shows the arms in a
radially collapsed configuration, and Figures 89B shows the arms in a radially expanded
configuration. Wrap portions 655 are adapted to wrap around the proximal portion of an
anchor braid. Openings 656 and 657 are formed in wrap portions 655 to engage a release
actuator, as described in embodiments above.

Referring now to Figures 90, various ways to connect elements to the braid of anchor
30 of replacement valve apparatus 10 are described. In Figure 90A, a post 32 having a single
braid attachment hole 660 is attached to anchor 30 along three separate intersections of the
braid via suture S. Figure 90B provides a detail view of one exemplary technique for routing
the suture between hole 660 and anchor 30. Figure 90C illustrates a variation of the
attachment, wherein post 32 comprises multiple braid attachment holes 660. As will be
apparent, elements other than posts 32 may be attached to anchor 30 in the manner described,
for example, anchor ‘Iock elements 34 may be attached in a similar manner.

As described in more detail in U.S. Patent Appl. Ser. No. 10/746,280, the distal region
of anchor 30 may be pulled proximally via a proximally directed force applied to posts 32 via
a distal deployment system interface. The distal deployment system interface is adapted to
expand radially during application of a proximally directed force on the distal end of the
anchor.

The distal deployment system interface may include control actuators that are
controlled, e.g., by control knob 122 of control handle 120. Similarly, the proximal regions
of anchor 30 may be pushed distally via a proximal deployment system interface at the
proximal end of the anchor. The proximal deployment system interface is adapted to permit
deployment system to apply a distally directed force to the proximal end of anchor 30
through, e.g., fingers 106, which are controlled by, e.g., Control knob 124 of control handle
120. The proximal vdeployment system interface may be further adapted to expand radially
during application of a distally directed force on the proximal end of the anchor. Preferably,
the proximal deployment system interface is adapted to permit deployment system to apply a
distally directed force dn the proximal end of the anchor system through a plurality of
deployment system fingers or actuators 160. Such expansion optionally may be assisted via
inflation of a balloon catheter (not shown) reversibly disposed within apparatus 10, as
described in U.S. Patent Appl. Ser. No. 10/746,280.

Once anchor 30 is fully deployed, posts 32 and buckles 34 of anchor 30 may be used

to lock and maintain the anchor in the deployed configuration. In one embodiment, the
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control actuators attached to posts 32 are threaded through buckles 34 so that the proximally
directed force exerted on posts 32 by the control actuators during deployment pulls the
proximal locking end of posts 32 toward and through buckles 34. Such lock optionally may
be selectively reversible to allow for repositioning and/or retrieval of apparatus 10 during or
post-deployment. Apparatus 10 may be repositioned or retrieved from the patient until the
two-part locking mechanism of posts 32 and buckles 34 of anchor 30 have been actuated.
When the lock is selectively reversible, the apparatus may be repositioned and/or retrieved as
desired, e.g., even after actuation of the two-part locking mechanism. Once again, further
details of this and other anchor locking structures may be found in U.S. Patent Appl. Ser. No.
10/746,280. Locking mechanisms used herein may also include a plurality of levels of
locking wherein each level of locking results in a different amount of expansion. For
example, the proximal end of the post can have multiple configurations for locking within the
buckle wherein each configuration results in a different amount of anchor expansion.

Prior to implantation of replacement valve apparatus described herein, it may be
desirable to perform a valvuloplasty c;h the patient’s diseased valve by inserting a balloon
into the valve and expanding it using, e.g., saline mixed with a contrast agent. In addition to
preparing the valve site for implant, fluoroscopic viewing of the valvuloplasty will help
determine the appropriate size of replacement valve implant to use.

Figures 50A-F show further details of anchor 30 of apparatus 10. Figure 50A shows
the apparatus in a collapsed configuration, such as for delivery within a sheath or other lumen
or for retrieval and recapture into a sheath or other lumen. Figures 50B and 50C show the
anchor and valve in an expanded and locked configuration.

As shown in Figure 50C, anchor 30 has three posts and three buckles. As seen in
Figure 50C, the three leaflets of replacement valve 20 may be coupled to the three posts 32
also known as valve supports. The posts, unlike the braid, do not collapse or expand. In
some embodiments a post 32 has one or more proximal slots 33, at least one proximal hole
36a and at least one distal hole 36b. Leaflet tissue may be passed through slot 33 and sutured
in place via suture routed through one or more proximal holes 36a. Other means known in
the art for fixing valve leaflets to posts may also be employed.

Figure 91 illustrates an exemplary apparatus for fabricating braided anchors. Such
apparatus includes a cylindrical braiding fixture 200. The cylindrical braiding fixture 200
comprises proximal circumference of inner posts 202a separated by a distance x from distal
circumference of inner posts 202b. x can be, for example, 10 to 60 mm, more preferably 20

to 50 mm, or more preferably 30 to 40 mm. Optionally, the fixture may also comprise
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proximal and distal circumferences of outer posts 204a and 204b, respectively. 204a and
204b can be situated about 2-10 mm from 202a and 202b, respectively. Posts 202a/b and
204a/b project from fixture 200 and may be used to route wire, e.g., for forming anchor braid
30. Inner posts 202a and 202b generally facilitate formation of a braid, while outer posts
204a and 204b generally facilitate formation of desired features at the ends of the braid, as
described hereinafter with respect to Figures 93-96.

In some embodiments, fixture 200 comprises approximately 6-20 posts, more
preferably 8-18 posts, or more preferably 10-16 posts around its circumference, though any
alternative number of posts may be provided. Likewise, fixture 200 preferably has a diameter
of about 2-40mm, more preferably 4-30 mm, or more preferably 6-20mm, though any
alternative diameter may be provided. The diameter of fixture 200 preferably is the diameter
of the braid in its “at rest” configuration. ‘

Fixture 200 can optionally further comprise circumferential grooves 206 to facilitate
interweaving of a first section of wire underneath an adjacent section of wire. The fixture
optionally also may comprise localized depressions or holes 208 in addition, or as an
alternative, to grooves 206. Depressions 208 may be provided at locations where wire
segments cross to act as a visual guide for formation of anchor braid 30, as well as to
facilitate the interweaving of a first section of wire beneath an adjacent section of wire.

Referring now to Figures 92A-D, an illustrative method of using fixture 200 to
fabricate braided anchors in accordance with the present invention is described. Figure 92A
provides a detail view of a proximal front side region of fixture 200 during formation of a
braided anchor. Figure 92B shows a detail backside view of a central section of the fixture.
Figure 92C shows a full-length frontside view of the fixture and Figure 92D shows the
completed braid. In Figures 92, anchor braid 30 is formed from a single strand of wrapped
and interwoven wire W. However, it should be understood that anchor braid 30 alternatively
may be formed from multiple strands of wire.

As seen in Figure 92A, formation of anchor braid 30 begins with wire W being routed
from starting position P near the proximal end of fixture 200 past outer proximal posts 204a
and inner proximal posts 202a. Wire W preferably is formed from a superelastic and/or
shape-memory material, such as Nitinol. However, alternative wire materials may be
utilized, including Cobalt-Chromium, Steel and combinations thereof, as well as additional
materials that will be apparent to those of skill in the art.

After passing inner proximal posts 202a, wire W encircles fixture 200 in a helical

spiral while extending towards the distal posts, as seen in Figures 92B and 92C. The wire

71-



10

15

20

25

30

WO 2005/062980 PCT/US2004/043607

illustratively encircles fixture 200 a full 360° revolution plus one additional post. However,
any alternative degree of winding may be provided (e.g., a full 360° plus 2 additional posts, a
full 360° plus 3 additional posts, or a number of posts less than a full 360°) . As will be
apparent to those of skill in the art, altering the degree of winding will alter the expansion
characteristics of the resultant braid in ways per se known.

At distal inner posts 202b, wire W forms turn Tu and is rerouted back towards
proximal inner posts 202a. It should be noted that wire W can form turn Tu in either inner
posts 202 or outer posts 204. Turn Tu forms a closed end of the braid. Additional sets of
inner and outer posts are also contemplated. The wire once again encircles fixture 200 in a
full 360° helical revolution plus one additional post before reaching the proximal inner posts

and being rerouted back towards the distal inner posts. This process is repeated with the wire .

‘repetitively interwoven at crossing locations between the proximal and distal posts, e.g., via

grooves 206 and/or depressions 208, to define the cells of the braid that will provide anchor
30 with desired characteristics. As seen in Figure 92D, wire W turns both proximally and
distally in order to complete formation of the braid. In this embodiment, wire W terminates
in the central portion of the braid at T. Termination T may be formed, for example, by
welding the wires together, applying a shrink tube about the overlap, using a crimp, braising
the wires, etc. Additional techniques will be apparent to those of skill in the art.

When anchor braid 30 is formed from a shape-memory material, the braid may be
heat set such that it maintains a desired degree of expansion in an at-rest configuration. The
heat set at-rest configuration may comprise, for example, the delivery configuration (e.g.,
collapsed configuration) éf Figure 50A, the deployed configuration (e.g., expanded
configuration) of Figures 50B and 50C, or any desired configuration therebetween. In
preferred embodiments, the anchor is heat-set in a configuration between the delivery
configuration and the deployed configuration. Anchor braid 30 may be heat set while still
disposed on fixture 200 to maintain an at-rest configuration as formed on the fixture, which
preferably is a configuration between the delivery and deployed configurations.
Alternatively, the braid may be heat set after complete or partial removal from the fixture. As
yet another alternative, the braid may be initially heat set while still disposed on the fixture,
but thereafter may be additionally heat set in a different shape, for example, a more expanded
configuration. It is expected that heat setting anchor braid 30 will provide the braid with
desired delivery and/or deployment characteristics.

Referring now to Figures 93A-930, in conjunction with Figures 50C and 92, an
anchor braid 30 may be defined by a set of cells that is different than other cells. Such cells
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may be formed to provide anchor braid 30 with one or more edge features (for either or both
the distal and proximal ends). These edge features can, for example, reduce or relieve stress
within the braid during delivery and deployment, which in turn may reduce the incidence of
anchor material fatigue caused by the pulsatile anchor motion of the anchor site. As will be
apparent to those of skill in the art, forming braid 31 from a single strand of wire W (or from
multiple strands of wire W that form turns or that are joined together) may lead to stress
concentration at turns Tu in the wire where the wire changes direction and extends back
towards the opposite end of the braid. Such stress concentration may be most pronounced
while the braid is disposed in its extreme configurations, i.e. when the braid is disposed in the
collapsed delivery configuration of Figure 50A or the expanded deployed configuration of
Figures 50B and 50C.

Stress concentration may increase the rigidity of an anchor braid and/or may impede
delivery and deployment, as well as sheathing, of the braid. Thus, in preferred embodiments,
a group of cells can be configured to reduce the sheathing force as described herein.
Furthermore, to enhance deliverability, stress concentration may require that anchor braid 30
be fabricated from a relatively thin wire W. However, thin wire may not provide anchor
braid 30 with adequate radial strength to displace a patient’s diseased native heart valve
leaflets and/or to anchor apparatus 10 against a patient’s anatomy. Conversely, use of a
relatively thick wire W may increase stiffness, thereby precluding retrograde delivery of
apparatus 10, as well as a risk of kinking at turns in the braid. Thus, in some embodiments,
wires varying in thickness may be used, or multiple wires having different thickness may be
woven together. Also, wires made from different materials may be used to form an anchor
braid.

It may be desirable to reduce stress concentration at the edges of anchor 30 where
wire W changes direction and/or to reduce the circumferential stiffness of the anchor braid.
The edge characteristics of the anchor may be altered by altering the shape of substantially all
anchor braid cells at the anchor’s edge (e.g., distal edge and/or proximal edge). Wire turns
that control the shape of the edge cells may be formed within anchor braid 30 by routing wire
W around optional outer posts 204 of fixture 200 during formation of the braid. Figure 93A
illustrates a detail view of a standard end turn Tu in an anchor braid resulting in a braid with
substantially uniform cell size and shape. Figure 93B illustrates a turn that has been
elongated to lengthen the distance over which forces concentrated in the turn may be

distributed, resulting in an anchor braid having edge cells that are longer along the anchor
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axis than the other cells defined by the braid. This elongated turn feature may be formed by
routing the wire of braid about outer posts 204 of fixture 200, and then heat setting the wire.

Figure 93C illustrates an alternative anchor edge cell configuration, wherein the tip of
the elongated wire turn has been bent out of a cylindrical shape defined by the braid of
anchor braid 30. This may be achieved, for example, via a combination of routing of wire W
within fixture 200 and heat setting. The out-of-plane bend of turn Tu in the anchor edge cells
in Figure 93C may reduce stress in some configurations, and may also provide a lip for
engaging the patient’s native valve leaflets to facilitate proper positioning of apparatus 10
during deployment.

In Figure 93D, a W-shaped turn feature has been formed at the wire turn, e.g., by
routing the wire of anchor braid 30 about a central inner post 202 and two flanking outer
posts 204 of fixture 200. As with the elongated braid cells of Figures 93B and 93C, the W-
shape may better distribute stress about turn Tu. The anchor edge cell configuration in Figure
93E includes a loop formed in braid 31 at the turn, which may be formed by looping wire W
around an inner or outer post of fixture 200. Figure 93F provides another alternative anchor
edge cell configuration having a figure-eight shape. Such a shape may be formed, for
example, by wrépping wire W about an inner post 202 and an aligned outer post 204 in a
figure-eight fashion, and then heat setting the wire in the resultant shape.

In Figure 93G, the edge cells of braid 31 include a heart-shaped configuration, which
may be formed by wrapping the wire about an aligned inner and outer post of fixture 200 in
the desired manner. In Figure 93H, the edge cells of braid 31 have an asymmetric loop at
turn Tu. The asymmetric loop will affect twisting of braid 31 during expansion and collapse
of the braid, in addition to affecting stress concentration. In Figure 931, the anchor edge cells
have a double-looped turn configuration, e.g. via wrapping about two adjacent inner or outer
posts of fixture 200. Additional loops may also be employed. The double loop turn feature
may be formed with a smooth transition between the loops, as in Figure 931, or may be heat
set with a more discontinuous shape, as in Figure 93J.

Figure 93K illustrates that the edge cells of braid 31 may have multiple different
configurations about the anchor’s circumference. For example, the anchor edge cells shown
in Figure 93K have extended length cells as in Figure 93B disposed adjacent to standard size
edge cells, as in Figure 93A. The anchor edge cells of Figure 93L have an extended turn
configuration having an extended loop. The anchor edge cells shown in Figure 93M have an
alternative extended configuration with a specified heat set profile. Finally, the anchor edge

cells shown in Figure 93N that overlap or are interwoven to be coupled to one another.
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In preferred embodiments, the edge cells may be wrapped using wire, string, or
sutures, at a location where the wire overlaps after an end turn as is illustrated in Figure 930.
This tied-end turn feature prevents cells from interlocking with each other during
deployment.

The edge cell configuration of Figure 93 may be heat set independently of the rest of
the braid. The anchor edge cell configurations of Figures 93 are provided only for the sake of
illustration and should in no way be construed as limiting. Additional turn features within the
scope of the present invention will apparent to those of skill in the art in view of Figures 93.
Furthermore, combinations of any such turn features may be provided to achieve desired
characteristics of anchor braid 30.

Referring now to Figures 94A-E, additional configurations for reducing stress
concentration and/or circumferential stiffness of anchor braid 30 are illustrated. Such
configurations can be used independently or in conjunction with other configurations
disclosed herein. Such configurations are preferably used at the anchor’s edges to locally
reduce the cross-sectional area of substantially all cells or all cells in the anchor braid’s edge
(e.g., proximal and/or distal). As seen in Figures 94A and 94B, turns Tu in wire W typically
may have a substantially continuous (e.g., round) cross-sectional profile. As seen in Figure
94C, modifying the edge cell configuration by locally reducing the thickness or cross-
sectional area of wire W at turn(s) Tu will reduce stress concentration within the wire at the
turns and facilitate cé)llapse and/or expansion of anchor braid 30 from the delivery to the
deployed configurations. Furthermore, it is expected that such localized reduction in
thickness or cross-sectional area will reduce a risk of kinking, fatigue or other failure at turns
Tu.

Localized reduction may be achieved via a localized etching and/or electropolishing
process. Alternatively or additionally, localized grinding of the turns may be utilized.
Additional processing techniques will be apparent to those of skill in the art. As seen in
Figures 94D-94E, wire W may, for example, comprise an oval or rectangular cross-sectional
profile, respectively, after localized reduction. The wire alternatively may comprise a round
profile of reduced cross-sectional area (not shown). Additional profiles will be apparent.
Localized reduction can take place at any time (e.g., before or after a braid is woven).
Preferably, localized reduction occurs after weaving. However, in some embodiments, a wire
of a given length may be etched or ground at preset segments and subsequently woven.

Referring now to Figures 95A-J, instead of terminating the beginning and end of wire

W of braid 31 at an overlap within the braid, as discussed previously, the two ends of the wire
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may be terminated at the anchor’s edge. Likewise, when braid 31 is fabricated from multiple
wires W, the wires (or a subset of the wires) optionally may be joined together or terminated
at turn(s) of the braid. In Figure 95A, wire termination T at the ends of wire(s) W comprises
a hinged termination with hinge post 38. In Figure 95B termination T comprises a clipped or
crimped termination with end cap 39. In Figure 95C, cap 39 is wrapped about the ends of
wire W to form wrapped termination T.

In Figure 95D, cap 39 is placed over the wire ends, which are then bent to provide a
swivel termination. In Figure 95E, the wire ends are potted within cap 39 at termination T.
In Figure 95F, cap 39 is swaged about the wire ends. In Figure 95G, the wire ends are
welded or glued together. In Figure 95G, the wire ends are spot welded together.
Alternatively, the wire ends may be braised to form termination T, as in Figure 95H. As yet
another alternative, cap 39 may be placed about the wire ends, and kinks K may be formed in
wire W to provide the ends of the wire with an ‘over-center’ bias that maintains termination
T, e.g., swivel termination T. Additional terminations will be apparent to those of skill in the
art.

With reference now to Figures 96A-B, alternative anchors of the present invention are
described having anchor edge features that facilitate sheathing of the apparatus and reduce
the sheathing force. In Figure 96A, the edge cells of anchor 30 have inwardly canted
configurations at the wire turns Tu about a proximal circumference of the anchor. These
edge cell configurations provide the proximal circumference with a conical profile that
facilitates sheathing of the apparatus within a delivery system, e.g., previously described
delivery system 100, by allowing collapse of anchor 30 to proceed in a more gradual and/or
continuous manner, and funneling the anchor into the sheath.

Figure 96B illustrates another alternative anchor 30 having edge cell configurations
formed by wire turns Tu about its proximal circumference that first cant outward, and then
cant inward. The inward cant provides the proximal circumference with a conical profile and
may facilitate sheathing, while the outward cant may facilitate anchoring at a treatment site,
e.g., may engage a patient’s native valve leaflets. As will be apparent, the edge cell
configurations of Figures 8, as well as those of Figures 93-95, optionally may be provided at
either the proximal or distal ends of the anchor, or both. The edge cell configurations of
Figures 96, as well as those of Figures 93 and 95, may, for example, be formed by heat
setting braid 31 in the desired configuration.

Referring now to Figures 97, further alternative anchors are described having edge

cell configurations adapted to lock the anchor in the deployed configuration to maintain

76-



10

15

20

25

30

WO 2005/062980 PCT/US2004/043607

expansion. In Figure 97A, anchor 30 comprises elongated, hooked edge cells formed from
wire turns Tu that are configured to snag braid 31 and maintain the anchor in the deployed
configuration, as shown. In Figure 97B, the hooked turn features have been elongated, such
that the hooks are configured to snag the opposing end of anchor 30 to maintain expansion.

In Figure 97C, anchor edge cells defined by wire turns TuP and distal turn features
TuD are configured to interlock between the ends of anchor braid 30 in order to maintain the
deployed configuration of anchor 30. The proximal edge cells form a hook adapted to engage
elongated turns of the distal turn features. As will be apparent, the disposition of all or a
portion of the proximal and distal edge cell configurations optionally may be reversed, i.e. the
proximal edge cells may form hooks and the distal edge cells may be configured as elongated
turns. Figure 97D illustrates interlocking proximal and distal edge cell configurations of
more complex geometry. Figure 97E illustrates interlocking proximal and distal edge cell
configurations while anchor 30 is disposed in the collapsed delivery configuration. The
locking turn features of Figures 97 may, for example, be formed by heat setting anchor braid
30 (or locking features only) in the desired configuration. Additional locking turn features
will be apparent to those of skill in the art. In preferred embodiments, the anchor locking
mechanism can be set to have alternative locking options that allow for various amounts of
expansion.

Figures 98A-98D illustrate various embodiments of anchor braids. An anchor braid
can be made of one or more wire and can be used to form various density braids. The density
of the braid can be assessed by the size of cells formed by the weave. In some embodiments,
two or more different density braids may be woven together. For example, Figure 98A
illustrates two groups of cells or two braids interwoven in the center. The top group of cells
forms a more open weave than the bottom group of cells, which forms a denser weave.
Figure 98B illustrates another embodiment of an anchor braid having three groups of cells.
The top and bottom (proximal and distal) edges of the anchor braid have denser cells than the
central portion of the anchor. Also, the edges of the anchor are woven from a thinner
filament than the central portion. In another embodiment illustrated by Figure 98C, all three
sections of an anchor valve are woven by more than one wire. The wires of each section are
made of a different material and/or thickness. Wires at the sectional boundaries may or may
not interconnect with wires from a different section. Each of the sections of the braid anchor
may be composed of a different number of wires. Figure 98D illustrates another embodiment

of a braided anchor having three sections. In this embodiment, all sections are composed of a
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single wire. The proximal and distal sections/edges of the braided anchor have the same
pitch. The central region of the braided anchor has a different pitch than the edge sections.

Figures 99A-99E illustrate side views of braided anchor having more than one braid
pitch. Varying pitch within the anchor allows localized variations in foreshortening across
the anchor, as greater foreshortening is achieved by higher pitch of the braid. Moreover, the
localized foreshortening features allow for the design of a braid which incorporates various
diameters depending upon the amount of foreshortening. (The greater the foreshortening, the
greater the diameter increase upon deployment.)

Figure 99A, for example, is a side view representation of braided anchor of Figure
98D. On the left side of the figure, the expanded anchor is illustrated having a denser weave
(shorter pitch) at the distal and proximal ends; hence the dots are located closer to each other.
The middle section of the anchor is composed of a looser weave that is generated by a higher
pitch braid and is represented by dots that are farther away from each other. On the right side
of the figure, the braided anchor is foreshortened and the dots are collapsed closer to each
other. In this case, the central portion of the anchor foreshortened more than the proximal
and distal edges. Figure 99B illustrates a side view of a foreshortened braided anchor that is
created by low pitch at the edges and high pitch in the middle. Figure 99C illustrates a side
view of a foreshortened braided anchor that is created by high pitch edges and low pitch
middle section. Figure 99D illustrates a side view of a foreshortened braided anchor that
includes a sealing feature or space filling feature at both ends. This type of anchor can be
created by a high pitch braid at edges, low pitch braid in the middle and heat setting the edges
to curl upon unsheathing. This end feature is useful in facilitating anchoring by functioning
as a locator and sealing. Figure 99E illustrates a side view of a foreshortened braided anchor
that is associated with an everting valve or locational features.

In preferred embodiments, the middle section of the anchor may be composed of
thicker wire(s) than edge section(s)

Figures 100A-100C illustrate an example of the process of deploying the anchor, such
as the one illustrated in Figure 99B above. Figure 100A illustrates a braided anchor 30 in its
expanded configuration. The anchor is composed of three sections. The distal and proximal
sections of the anchor are made of a fine weave (low pitch) braid. The middle section of the
anchor is made of a higher pitch braid and are preferably heat set to roll upon unsheathing,.
Furthermore, in preferred embodiments, the filaments of the distal and proximal sections may
be thinner (e.g. .005 in thickness) than the filaments of the middle section (e.g., .010 in
thickness). Posts 32 are coupled to the middle section of the anchor. For deployment,
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proximal actuators 106 are coupled to the anchor’s middle section. Figure 100B illustrates
the process of deployment. As the anchor is pushed distally by the proximal actuators and
pulled proximally by the distal actuators, it is unsheathed and begins foreshortening. The
distal section rolls up and can act as a locator, assisting the operator in locating the aortic
valve. It then functions as a seal preventing leakage. The proximal section may optionally
also roll up. In Figure 100C, the device may be configured such that the middle section of
the valve may form an hour glass shape or a round shape. The actuators may subsequently be
removed as described before. Figure 100 D is another illustration of the braided anchor in its
elongated configuration. Figure 100E is another illustration of the braided anchor in its
foreshortened configuration.

Figures 101A-101B illustrate another embodiment of a braided anchor. In this
embodiment, the anchor includes two sections — a distal section made of a fine weave and a
higher pitch braid than the proximal section. In Figure 101A the device is deployed such that
the distal section made of the fine weave is distal to the aortic valve. In Figure 101B, the
distal section is foreshortened, either by heat set memory or actively. The foreshortening of
the distal section allows the operator to locate the valve and situate the anchor prior to
release.

The anchors described herein can be, for example, radially symmetrical, bilaterally
symmetrical, or asymmetrical. A radially symmetrical anchor is one for which symmetry
exists across any diameter. A bilaterally symmetrical anchor is one for which symmetry
exists across a finite number if diameters). An asymmetrical anchor is one for which there
exists no diameter across which a symmetry may be found. Figure 50B illustrates one
embodiment of a radially symmetrical anchor. Figure 102A illustrates one embodiment of a
bilaterally symmetrical anchor. Figure 102B illustrates two embodiments (side and top
views) of asymmetrical anchors. The benefits of bilaterally symmetrical an asymmetrical
anchors is their ability to avoid interfering with anatomical features, such as, for example the
coronary ostial and/or mitral valve. Thus, in preferred embodiments, a braided anchor
includes a region adapted to prevent expansion of the anchor into the mitral valve, as is
illustrated in Figure 102A.

In preferred embodiments, the anchor includes a leaflet engagement element and/or a
seal inverting element situated on its proximal end. The leaflet engagement element is
adapted for engaging the native leaflets of the patient’s heart, or more preferably the proximal
edge and/or the commissural attachments of the native leaflets. The leaflet engagement

element need not extend all the way into the pocket or the distal end of the native leaflet.
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Preferred embodiments of the apparatus herein are depicted in Figures 32-34, 49, 50, 93 and
98-109, which are discussed in more detail below.

Figure 103 provides a detail view of a front side region of anchor braid 30 with closed
end turns Tu. Anchor braid 30 includes various cells, some having an end turn (Tu). End
turns can serve various functions. For example, end turns can be configured to reduce the
sheathing force, to reduce stress within the braid during delivery and deployment, to prevent
distal migration during expansion of the anchor, and/or to positively register the anchor
against the native valve during deployment. In preferred embodiments, an end turn feature
functions to prevent distal migration and to register the anchor by engaging the native
leaflets. In preferred embodiments, the proximal end of an anchor comprises embodiments
(Tuw).

Figures 93A-93N provide multiple examples of edge cells having end turn feature.
The end turn features disclosed and others known in the art may be used as leaflet
engagement elements to engage the native heart leaflets with tﬁe anchor. The leaflet
engagement elements are preferably integral with the anchor, or more preferably part of a
braided anchor. The end turn features can occur at the proximal end, the distal end, or both
proximal and distal ends of the anchor.

For example, Figure 93A illustrates a detail view of a standard end turn Tu in an
anchor braid resulting in a braid with substantially uniform cell size and shape.

Figure 93B illustrates a turn that has been elongated to lengthen the distance over
which forces concentrated in the turn may be distributed, resulting in an anchor braid having
edge cells that are longer along the anchor axis than the other cells defined by the braid. This
elongated turn feature may be formed by routing the wire of braid about outer posts and then
heat setting the wire.

Figure 93C illustrates an alternative anchor edge cell configuration, wherein the tip of
the elongated wire turn may be bent out of a cylindrical shape defined by the braid of anchor
braid 30. This may be achieved, fof example, via a combination of routing of wire W within
a fixture and then heat setting. Such a turn Tu in the anchor edge cells in Figure 93C may
reduce stress in some configurations without increasing height, and may also provide a lip for
engaging the patient’s native valve leaflets to facilitate proper positioning of apparatus 10
during deployment. .

In Figure 93D, a W-shaped turn feature has been formed at the wire turn, e.g., by

routing the wire of anchor braid 30 about a central inner post and two flanking outer posts.
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As with the elongated braid cells of Figures 93B and 93C, the W-shape may better distribute
stress about turn Tu.

The anchor edge cell configuration in Figure 93E includes a loop formed in braid 30
at the turn, which may be formed by looping wire W around an inner or outer post.

Figure 93F provides another alternative anchor edge cell configuration having a
figure-eight shape. Such a shape may be formed, for example, by wrapping wire W about an
inner post and an aligned outer post in a figure-eight fashion, and then heat setting the wire in
the resultant shape.

In Figure 93G, the edge cells of braid 30 include a heart-shaped configuration, which
may be formed by wrapping the wire about an aligned inner and outer post in the desired
manner.

In Figure 93H, the edge cells of braid 30 have an asymmetric Ioop“at turn Tu. The
asymmetric loop will affect twisting of braid 30 during expansion and collapse of the braid,
in addition to affecting stress concentration.

In Figure 931, the anchor edge cells have a double-looped turn configuration, e.g. via
wrapping about two adjacent inner or outer posts. Additional loops fnay also be employed.

The double loop turn feature may be formed with a smooth transition between the
loops, as in Figure 931, or may be heat set with a more discontinuous shape, as in Figure 93J.

Figure 93K illustrates that the edge cells of braid 30 may have multiple different
configurations about the anchor’s circumference. For example, the anchor edge cells shown
in Figure 93K have extended length cells as in Figure 93B disposed adj acent to standard size
edge cells, as in Figure 93A.

The anchor edge cells of Figure 93L have an extended turn configuration having an
extended loop.

The anchor edge cells shown in Figure 93M have an alternative extended
configuration with a specified heat set profile.

In Figure 93N, some or all anchor edge cells are interwoven. When interwoven, one
or more edge cells may be shorter or longer than an adjacent edge cell. This permits one or
more edge cells to extend into one or more leaflet pocket(s). For example, in Figure 93N the
middle Tu may be taller than the two adjacent edge cells thus permitting the edge cell to be
situated within a leaflet pocket.

In any of the embodiments herein, edge cells may be wrapped using wire, string, or

sutures, at a location where the wire overlaps after an end turn as is illustrated in Figure 930.

-81-



10

15

20

25

30

WO 2005/062980 PCT/US2004/043607

This tied-end turn feature prevents cells from interlocking with each other during
deployment.

The anchor and any of its features may be heat set at different configurations. For
example, the anchor may be heat set ay its “at rest” configuration such that upon unsheathing -
it expands radially. The end turn features/leaflet engagement elements may be heat set at a
different “at rest” configuration than the rest of the anchor. In preferred embodiment, end
turn features are heat set to “flower” and then “evert” upon unsheathing.

The end turn features of Figures 93 are provided only for the sake of illustration and
should in no way be construed as limiting. Additional turn features within the scope of the
present invention will apparent to those of skill in the art in view of Figures 93. Furthermore,
combinations of any such end turn features may be provided to achieve the desired
characteristics of anchor 30.

Referring now to Figures 104A-E, additional configurations for }jeducing and/or
circumferential stiffness of an anchor braid and/or leaflet engagement elements are
illustrated. Such configurations can be used independently or in conjunction with other
configurations disclosed herein. Such configurations are preferably used at the anchor’s
edges to locally reduce the cross-sectional area of substantially all cells or all cells in the
anchor braid’s edge (e.g., proximal and/or distal). As seen in Figures 104A and 104B, turns
Tu in wire W typically may have a substantially continuous (e.g., round) cross-sectional
profile. As seen in Figure 104C, modifying the edge cell configuration by locally reducing
the thickness or cross-sectional area of wire W at turn(s) Tu will reduce stress concentration
within the wire at the turns and facilitate collapse and/or expansion of anchor braid 30 from
the delivery to the deployed configurations. Furthermore, it is expected that such localized
reduction in thickness or cross-sectional area will reduce a risk of kinking, fatigue or other
failure at turns Tu.

In any of the embodiments herein, localized reduction of an anchor wire may be
achieved via a localized etching and/or electropolishing process. Alternatively or
additionally, localized grinding of the turns may be utilized. Additional procgssing
techniques will be apparent to those of skill in the art. As seen in Figures 104D-104E, wire
W may, for example, comprise an oval or rectangular cross-sectional profile, respectively,'
after localized reduction. The wire alternatively may comprise a round profile of reduced
cross-sectional area (not shown). Additional profiles will be apparent. Localized reduction

can take place at any time (e.g., before or after a braid is woven). Preferably, localized
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reduction occurs after weaving. However, in some embodiments, a wire of a given length
may be etched or ground at preset segments and subsequently woven.

With reference now to Figures 105A-F, a method of endovascularly replacing a
patient’s diseased aortic valve is provided. The method involves endovascularly delivering
an anchor/valve apparatus and properly positioning such apparatus via positive registration
with the patient’s native valve leaflets. Registration with the native valve leaflet preferably
occurs using the leaflet engagement elements.

In Figure 105A, modified delivery system 100’ delivers apparatus 10 to diseased
aortic valve AV within sheath 110. Apparatus 10 is delivered in a collapsed delivery
configuration.

As seen in Figures 105B and 105C, apparatus 10 is deployed from lumen 112 of
sheath 110, for example, under fluoroscopic guidance. Sheath 110 includes at its distal end
leaflet engagement elements 120. Upon deployment, anchor 30 of apparatus 10 dynamically
self-expands to a partially deployed configuration. This causes elements 60 to also
dynamically expand, as well as membrane filter (or braid) 61A and leaflet engagement
elements 120. As when deployed via delivery system 100, deployment of apparatus 10 via
delivery system 100’ is fully reversible until locks 40 have been actuated.

Thus, delivery systerﬁ 100’ comprises leaflet engagement element 120, which
preferably self-expands along with anchor 30. In preferred embodiments, the distal end of
leaflet engagement elements 120 expands a greater radial distance than anchor 30. Moreover,
engagement elements 120 may be disposed between elements 60 of delivery system 100" and
lip region 32 of anchor 30. However, leaflet engagement elements 120 may also be disposed
on the proximal end of an anchor (as is illustrated in Figure 106). Leaflet engagement
elements 120 releasably engage the anchor. As seen in Figure 105C, the leaflet engagement
elements 120 are initially deployed proximal of the patient’s native valve leaflets L.
Apparatus 10 and element 120 then may be advanced/dynamically repositioned until
engagement element positively registers against the leaflets, thereby ensuring proper
positioning of apparatus 10. The leaflet engagement element engages with the proximal
edges of the native valve leaflets and/or the commissural attachments. The leaflet
engagement element need not extend all the way to the distal edge of the native leaflets (the
leaflet pockets). In preferred embodiments, a leaflet engagement element length is less than
about 20 mm, more preferably less than about 15 mm, or more preferably less than about 10

mm. Once leaflet engagement element 120 is registered against the native valve leaflets
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and/or commissural attachments, apparatus 10 deploys substantially distal to the coronary
ostia of the heart.

In any of the embodiments herein, delivery system 100’ can include filter structure
61A (e.g., filter membrane or braid) as part of push elements 60 to act as an embolic
protection element. Emboli can be generated during manipulation and placement of anchor
from either diseased native leaflet or surrounding aortic tissue and can cause blockage.
Arrows 61B in Figure 105C show blood flow through filter structure 61A where blood is
allowed to flow but emboli is trapped in the delivery system and removed with it at the end of
the procedure.

Active foreshortening may be imposed upon anchor 30 while element 120 is disposed
proximal of the leaflets, as is illustrated in Figure 105D. Active foreshortening can be
accomplished by actuating distal anchor actuation elements (e.g., elements 50) and/or
proximal anchor actuation elements (e.g., elements 60). Upon positive registration of
element 120 against leaflets L, element 120 precludes further distal migration of apparatus 10
during additional foreshortening, thereby reducing a risk of improperly positioning the
apparatus. Figure 105E details engagement of element 120 against the native leaflets.

As seen in Figure 105F, once apparatus 10 is fully deployed, anchor 30 may be locked
(reversibly or irreversibly). Subsequently, structure 61A leaflet engagement, elements 120,
elements 50 and/or elements 60 may be decoupled from the apparatus, and delivery system
100’ may be removed from the patient, thereby completing the procedure.

Figure 106 illustrates an alternative embodiment of the apparatus of Figures 105A-F
described above, wherein leaflet engagement elements 120 are coupled to anchor 30 of
apparatus 10’ rather than to delivery system 100. In the embodiment illustrated in Figure
106, leaflet engagement elements 120 remain implanted near the patient’s native heart valve
after the deployment of apparatus 10° and removal of delivery system 100. Leaflets L may
be sandwiched between the proximal region of anchor 30 and leaflet engagement element
120 in the fully deployed configuration. In this manner, element 120 positively registers
apparatus 10’ relative to the leaflets L and precludes distal migration of the apparatus over
time.

Figures 107A-107C illustrate another embodiment for endovascularly delivering an
apparatus of the present invention. In Figure 107A, a catheter 600 is delivered
percutaneously in a retrograde fashion to the aortic valve. The catheter passes through the
native aortic valve before an operator actuates the unseathing of the anchor/valve apparatus.

As the sheathing catheter is pulled proximally out of the native valve, anchor 30 and
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replacement valve 20 become unsheathed. Immediately the portion of the unsheathed anchor
30 dynamically self-expands to its “at rest” position, and replacement valve 20 within the
anchor regains an uncollapsed structure, allowing it to begin to function. In preferred
embodiments in its “at rest” position, anchor 30 presses against the native leaflets limiting
blood from flowing in between the anchor and leaflet. Also, in preferred embodiments,
anchor 30 portions relatively adjacent to the valve is externally covered by a seal 60, more
preferably the entire exterior contour of anchor 30 excluding the leaflet engagement elements
is externally covered by a seal, or more preferably the entire contour of anchor 30 including
the external face of the leaflet engagement elements is externally covered by a seal. A seal
can be composed of any material that prevents or limits the flow of blood through the anchor.
In preferred embodiments, a seal is composed of a thin, elastic polymer or any other type of
fabric. The seal can be attached by any means known in the art to the anchor and, in some
embodiments, to the distal end of the valve. In preferred embodiments, a seal is attached to
the anchor by suturing.

In Figure 107B, as the catheter is further pulled proximally, the proximal end of
anchor 30 and fingers 50 are unsheathed. In this embodiment, it is possible to visualize that
the seal covers the entire contour of the anchor including the external face of the leaflet
engagement element 70. As soon as the proximal end of the anchor is exposed, it also
dynamically expands. Furthermore, when fingers 50 become exposed, replacement valve 20
begins to function permitting blood to flow through replacement valve 20, between fingers
50, and around the catheter 600. This also permits blood to flow into the coronary ostias. In
other embodiments where the seal does not cover the proximal end of the anchor, the
replacement valve can begin to function as soon as the unsealed portion of the anchor is
unsheathed. This causes the leaflet engagement elements 70 to radially expand to their heat
set position and engage with the native heart leaflets.

Next, Figure 107C, as the apparatus is actively foreshortened using proximal (e.g.,
fingers) and/or distal actuators (e.g., elements 55), the leaflet engagement elements positively
register with the native valve leaflets. Foreshortening can cause seal 60 to bunch up and
create pleats. These pleats can then fill pockets thereby improving the paravalvular seal. In
preferred embodiments, wherein the leaflet engagement elements are covered with a seal, at
least a portion of the seal is also positioned between the native valve leaflets and the aortic
wall. Once the anchor is fully compressed within the aortic valve, the anchor is locked, the
fingers and post mandrels are disengaged, and the seal is adapted to further limit blood flow

around the replacement valve. The catheter is subsequently ' withdrawn, leaving behind valve
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20, seal 60 and anchor 70. When fully deployed, the anchor is substantially distal to the
coronary ostia of the patient such that it will not interfere with blood flow through the ostia.

Figures 108A-108B illustrate an embodiment wherein only a distal portion anchor 30
is covered by seal 60 and wherein anchor 30 is only partially deployed since the blood can
escape through the proximal end of the anchor braid. As anchor 30 in this embodiment is
unsheathed, it presses against the native valve leaflets. At this point replacement valve 20 is
functional even though anchor 30 is not fully deployed since blood can escape through the
proximal end of the anchor braid. This allows blood to flow through replacement valve 20
and out of holes in the distal end of anchor 30 during systole (Figure 108A) while preventing
backflow during diastole (Figure 108B).

Figures 109A-109B illustrate a similar embodiment wherein seal 60 around anchor 30
surrounds the entire contour of anchor 30. In this embodiment, valve 20 does not become
functional until both anchor 30 and a portion of fingers 50 are unsheathed. As soon as a
portion of fingers 50 is unsheathed, replacement valve 20 is fully functional. This allows
blood to flow through replacement valve 20 and anchor 30, out of fingers 50, and around
catheter 60 into the aorta and coronary ostias during systole. Similarly, during diastole,
replacement valve 20 closes preventing blood backflow from entering the chamber.

In any of the embodiments herein the anchor is preferably a self-expanding anchor
braid. Anchor braid of the present invention can be made from one or more wires, more
preferably 2-20 wires, more preferably 3-15 wires, or more preferably 4-10 wires. Moreover,
the density of the braid can be modified by various forms of weave used.

Figures 32-34 illustrate the process of forming a pleated seal around a replacement
valve to prevent leakage. Figure 32 illustrates a fabric seal 380 prior to deployment and
foreshortening of the anchor/valve apparatus. In Figure 32, the fabric seal 380 extends from
the distal end of valve 20 proximally over anchor 30 during delivery. During deployment, as
illustrated in Figure 33, anchor 30 foreshortens and the fabric seal 380 bunches up to create
fabric flaps and pockets that extend into spaces formed by the native valve leaflets 382. The
bunched up fabric or pleats occur, in particular, when the pockets are filled with blood in
response to backflow blood pressure. The pleating can create a seal around the replacement
valve. Figure 34 illustrates anchor 30, surrounded by fabric seal 380 in between native valve
leaflets 382. In preferred embodiments, at least a portion of a seal is captured between the
leaflets and the wall of the heart when the anchor is fully deployed.

-86-



10

15

20

25

30

WO 2005/062980 PCT/US2004/043607

WHAT IS CLAIMED IS:

1. Apparatus for replacing a native aortic valve, the apparatus comprising:
an anchor comprising an expandable braid with closed ends, the anchor being
adapted to be endovascularly delivered and secured at an anchor site within the native aortic
valve; and

a replacement valve configured to be secured within the anchor.

2. The apparatus of claim 1 wherein the anchor comprises a central axis,
the anchor being further adapted to remain substantially undeformed in response to a pressure

up to 0.5 atm directed substantially radially inward toward the central axis.

3. The apparatus of claim 2 wherein the anchor is further adapted to
remain substantially undeformed in response to a pressure up to 2 atm directed substantially

radially inward toward the central axis.

4, The apparatus of claim 1 wherein the anchor is adapted to support the
replacement valve at the anchor site in response to differential pressure across the

replacement valve of up to about 200 mm Hg.

5. The apparatus of claim 4 wherein the anchor is adapted to support the
replacement valve at the anchor site in response to differential pressure across the

replacement valve of up to about 80 mm Hg.

6. The apparatus of claim 1 wherein the anchor comprises stress
reduction elements adapted to reduce the incidence of anchor material fatigue caused by

pulsatile motion of the anchor site.

7. The apparatus of claim 6 wherein the braid comprises a plurality of
cells, the stress reduction elements comprising a set of cells at a distal or proximal edge of the

anchor.

8. The apparatus of claim 1 wherein the braid comprises sheathing

features adapted to reduce sheathing force.
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9. The apparatus of claim 8 wherein the braid comprises a plurality of

cells, the sheathing features comprising a set of cells at a proximal edge of the anchor.

10.  The apparatus of claim 1 wherein the braid comprises a first region and
a second region having a diameter larger than a diameter of the first region when the anchor

is expanded.

11.  The apparatus of claim 10 wherein the braid defines a plurality of cells,
at least a first set of the cells in the first region each being of a substantially different

configuration than a second set of the cells in the second region.

12.  The apparatus of claim 11 wherein the braid further comprises a third

region having a diameter larger than the first region diameter when the anchor is expanded.

13.  The apparatus of claim 12 wherein the first, second and third regions

are adapted to center the anchor within the native aortic valve.

14.  The apparatus of claim 12 wherein the braid defines a plurality of cells,
at least a first set of the cells in the first region each being of a substantially different
configuration than a second set of the cells in the second region and a third set of cells in the

third region.

15.  The apparatus of claim 1 wherein the anchor is further adapted to avoid

interference with coronary ostia.

16.  The apparatus of claim 1 wherein the anchor is further adapted to avoid

interference with a mitral valve.

17.  The apparatus of claim 16 wherein the braid comprises a region

adapted to prevent expansion of the anchor into the mitral valve.

18.  The apparatus of claim 1 wherein the braid is configured to have an

expanded shape that is radially symmetrical.
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19.  The apparatus of claim 1 wherein the braid is configured to have an
expanded shape that is bilaterally symmetrical.

20.  The apparatus of claim 1 wherein the braid is configured to have an
expanded shape that is asymmetrical.

21.  The apparatus of claim 1 wherein the braid is configured to have distal

fine mesh section with a higher pitch than the proximal section.

22.  The apparatus of claim 1 wherein the braid defines a plurality of cells,
at least a first set of the cells each being of a substantially different configuration than a

second set of the cells.

23.  The apparatus of claim 22 wherein the anchor comprises distal and
proximal edges, the first set of cells being disposed at at least the distal edge or the proximal

edge.

24.  The apparatus of claim 23 wherein each cell in the first set of cells is

longer in a first direction than the cells in the second set of cells.

25.  The apparatus of claim 24 wherein the first set of cells comprises

substantially all cells at at least the proximal edge or the distal edge.

26.  The apparatus of claim 23 wherein each cell in the first set of cells has
a portion bent out of a cylindrical shape defined by the braid and each cell in the second set
of cells does not have a portion bent out of the cylindrical shape defined by the braid.

27.  The apparatus of claim 26 wherein the first set of cells comprises

substantially all cells at at least the proximal edge or the distal edge.

28.  The apparatus of claim 23 wherein each cell in the first set of cells
comprises an inward bend to form a W shape along one side of the cell and each cell in the

second set of cells does not.
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29.  The apparatus of claim 28 wherein the first set of cells comprises

substantially all cells at at least the proximal edge or the distal edge.

30.  The apparatus of claim 23 wherein each cell in the first set of cells

comprises a loop and each cell in the second set of cells does not.

31.  The apparatus of claim 30 wherein the loop is disposed asymmetrically
within each cell of the first set of cells.

32.  The apparatus of claim 30 each cell in the first set of cells comprises a

plurality of loops and each cell in the second set of cells does not.

33.  The apparatus of claim 30 wherein the first set of cells comprises

substantially all cells at at least the proximal edge or the distal edge.

34.  The apparatus of claim 23 wherein each cell in the first set of cells

comprises a figure 8 shaped loop and each cell in the second set of cells does not.

35.  The apparatus of claim 34 wherein the first set of cells comprises

substantially all cells at at least the proximal edge or the distal edge.

36.  The apparatus of claim 23 wherein each cell in the first set of cells

comprises a heart shaped loop and each cell in the second set of cells does not.

37.  The apparatus of claim 36 wherein the first set of cells comprises

substantially all cells at at least the proximal edge or the distal edge.

38.  The apparatus of claim 23 wherein a wire section of each cell of the
first set of cells comprises a reduced cross-sectional diameter in at least one location and each

cell in the second set of cells does not.

39.  The apparatus of claim 38 wherein the first set of cells comprises

substantially all cells at at least the proximal edge or the distal edge.
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40.  The apparatus of claim 23 wherein each cell in the first set of cells

comprises an inward cant with respect to the second set of cells.

41.  The apparatus of claim 40 wherein the first set of cells comprises

substantially all cells at at least the proximal edge or the distal edge.

42.  The apparatus of claim 23 wherein each cell in the first set of cells

comprises an inward cant and an outward cant with respect to the second set of cells.

43,  The apparatus of claim 42 wherein the first set of cells comprises

substantially all cells at at least the proximal edge or the distal edge.

44.  The apparatus of claim 23 wherein each cell of the first set of cells

comprises a lock adapted to lock the anchor in an expanded configuration.

45.  The apparatus of claim 44 wherein the braid further comprises a third
set of cells each being of a substantially different configuration than the second set of cells,
each of the third set of cells being adapted to interact with the first set of cells to lock the

anchor in the expanded configuration.

46.  The apparatus of claim 22 further comprising a third set of cells having

a substantially different configuration than a second set of the cells.

47.  The apparatus of claim 46 wherein the first set of cells is disposed at a

distal end of the anchor and the third set of cells is disposed at a proximal end of the anchor.

48.  The apparatus of claim 1 wherein the anchor comprises first and

second wires, the first wire having a diameter smaller than a diameter of the second wire.

49.  The apparatus of claim 1 wherein the anchor comprises first and

second wires formed from different materials.
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50.  The apparatus of claim 1 wherein the anchor has a collapsed delivery

configuration, an at-rest configuration and an expanded deployed configuration.

51.  The apparatus of claim 50 wherein the braid comprises a shape

memory material that is heat set in the at-rest configuration.

52.  The apparatus of claim 50 wherein the at-rest configuration is between

the collapsed delivery configuration and expanded deployed configuration.

53.  The apparatus of claim 1 wherein the braid is configured for active

foreshortening during endovascular deployment. '

54.  The apparatus of claim 1 further comprising a lock configured to

maintain expansion of the braid.

55.  The apparatus of claim 1 further comprising a plurality of locks

configured to maintain expansion of the braid.

56.  The apparatus of claim 55 wherein the plurality of locks are further

configured to maintain expansion of the braid at a plurality of amounts of expansion.

57.  The apparatus of claim 1 further comprising a valve support adapted to

support the replacement valve within the anchor.

58.  The apparatus of claim 57 further comprising a lock configured to

maintain expansion of the braid.

59.  The apparatus of claim 58 wherein the lock comprises an extension of

the valve support.

60.  The apparatus of claim 1 wherein the anchor comprises a distal
deployment system interface disposed at a distal end of the anchor, the distal deployment
system interface being adapted to permit a deployment system to apply a proximally directed

force on the distal end of the anchor.
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61.  The apparatus of claim 60 wherein the distal deployment system
interface is further adapted to expand radially during application of a proximally directed

force on the distal end of the anchor.

62.  The apparatus of claim 61 wherein the distal deployment system
interface is further adapted to permit a deployment system to apply a proximally directed
force on the distal end of the anchor without passing any portion of a deployment system

through a center opening of the replacement valve.

63.  The apparatus of claim 1 wherein the anchor comprises a proximal
deployment system interface at a proximal end of the anchor, the proximal deployment
system interface being adapted to permit a deployment system to apply a distally directed

force on the proximal end of the anchor.

64.  The apparatus of claim 63 wherein the proximal deployment system
interface is further adapted to expand radially during application of a distally directed force

on the proximal end of the anchor.

65.  The apparatus of claim 63 wherein the proximal deployment system
interface is further adapted to permit a deployment system to apply a distally directed force
on the proximal end of the anchor through a plurality of deployment system fingers.

66.  The apparatus of claim 1 wherein the delivery length is between about
15 mm and about 150 mm and the deployed length is between 5 mm and about 40 mm.

67.  Apparatus for replacing a native aortic valve, the apparatus comprising:
an expandable anchor adapted to be endovascularly delivered and secured at
an anchor site within the native aortic valve, the expandable anchor having a delivery length
in a delivery configuration substantially greater than a deployed length in a deployed
configuration; and

a replacement valve configured to be secured within the anchor.
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68.  The apparatus of claim 67 wherein the delivery length is between
about 15 mm and about 150 mm and the deployed length is between about 2 mm and about
40 mm.

69.  The apparatus of claim 68 wherein the delivery length is between
about 20 mm and about 140 mm and the deployed length is between about 5 mm and about
30 mm. |

70.  The apparatus of claim 68 wherein the delivery length is between
about 25 mm and about 130 mm and the deployed length is between about 7 mm and about
20 mm. 1

71.  The apparatus of claim 67 wherein ratio of delivery length to deployed
length is between about 0.05 and about 0.5.

72.  The apparatus of claim 71 wherein ratio of delivery length to deployed
length is between about 0.1 and about 0.35.

73.  The apparatus of claim 72 wherein ratio of delivery length to deployed
length is between about 0.15 and about 0.25.

74.  The apparatus of claim 67 wherein the anchor has an at-rest
configuration and wherein the anchor comprises a shape memory material that is heat set in
the at-rest configuration.

75.  The apparatus of claim 74 wherein the at-rest configuration has a
length between the delivery length and the deployed length.

76.  The apparatus of claim 67 wherein the anchor is configured for active
foreshortening during endovascular deployment.

77.  The apparatus of claim 67 further comprising a lock configured to
maintain expansion of the anchor.

78.  The apparatus of claim 67 further comprising a plurality of locks
configured to maintain expansion of the anchor.

79.  The apparatus of claim 78 wherein the plurality of locks are further
configured to maintain expansion of the anchor at a plurality of amounts of expansion.

80.  The apparatus of claim 67 further comprising a valve support adapted
to support the replacement valve within the anchor.

81.  The apparatus of claim 80 further comprising a lock configured to
maintain expansion of the anchor.

82.  The apparatus of claim 81 wherein the lock comprises an extension of

the valve support.
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83. . The apparatus of claim 67 wherein the anchor comprises a distal
deployment system interface disposed at a distal end of the anchor, the distal deployment
system interface being adapted to permit a deployment system to apply a proximally directed
force on the distal end of the anchor.

84.  The apparatus of claim 83 wherein the distal deployment system
interface is further adapted to expand radially during application of a proximally directed
force on the distal end of the anchor.

85.  The apparatus of claim 84 wherein the distal deployment system
interface is further adapted to permit a deployment system to apply a proximally directed
force on the distal end of the anchor without passing any portion of a deployment system
through a center opening of the replacement valve.

86.  The apparatus of claim 67 wherein the anchor comprises a proximal
deployment system interface at a proximal end of the anchor, the proximal deployment
system interface being adapted to permit a deployment system to apply a distally directed
force on the proximal end of the anchor.

87.  The apparatus of claim 86 wherein the proximal deployment system
interface is further adapted to expand radially during application of a distally d1rected force
on the proximal end of the anchor.

88.  The apparatus of claim 86 wherein the proximal deployment system
interface is further adapted to permit a deployment system to apply a distally directed force
on the proximal end of the anchof through a plurality of deployment system fingers.

89. Apparatus for endovascularly replacing a patient’s heart valve, the apparatus
comprising:

an expandable anchor comprising a lip region and a skirt region; and

a replacement valve,

wherein the lip region and skirt region are configured for percutaneous expansion to
engage leaflets of the heart valve.

90. The apparatus of claim 89 wherein the lip region and skirt region are configured
for independent expansion.

91. The apparatus of claim 89 wherein the lip region and skirt region are configured
for concurrent expansion.

92. The apparatus of claim 89 wherein the lip region is adapted to preclude distal

migration of the apparatus post-deployment and expansion.

95.



10

15

20

25

30

WO 2005/062980 PCT/US2004/043607

93. The apparatus of claim 89 wherein the skirt section is adapted to preclude
proximal migration of the apparatus post-deployment and expansion.

94. The apparatus of claim 89 wherein the anchor is at least partially covered by a
biocompatible film.

95. The apparatus of claim 89 wherein the replacement valve is configured to be
coupled to the anchor during percutaneous delivery.

96. The apparatus of claim 89 wherein the anchor and the replacement valve are
adapted for expansion from the delivery to the deployed configurations via a mechanism
chosen from the group consisting of balloon-expansion, self-expansion, and combinations
thereof.

97. The apparatus of claim 89 further comprising a delivery system configured for
percutaneous advancement of the apparatus to a vicinity of the patient’s diseased valve while
the anchor is disposed in a collapsed delivery configuration.

98. The apparatus of claim 97 wherein the delivery system facilitates deployment and
expansion of the apparatus to endovascularly replace the heart valve.

99. The apparatus of claim 98 wherein the delivery system is configured to retrieve
the apparatus.

100. The apparatus of claim 89 further comprising at least one locking element

configured to maintain expansion of the lip region and the skirt region.

101.  Apparatus for endovascularly replacing a patient’s heart valve, the apparatus
comprising an expandable anchor supporting a replacement valve, the anchor and
replacement valve being adapted for percutaneous delivery and deployment to replace the
patient’s heart valve, the anchor comprising leaflet engagement elements on a proximal end
of the anchor adapted to engage leaflets of the patient’s heart valve.

102. The apparatus of claim 101 wherein the anchor is further adapted to be’
substantially distal to coronary ostia of the patient when the anchor is fully deployed.

103.  The apparatus of claim 101 wherein the anchor is further adapted to be
actively foreshortened during deployment.

104. The apparatus of claim 103 further comprising proximal anchor actuation
elements adapted to apply an actuation force on a proximal portion of the anchor.

105. The apparatus of claim 103 further comprising distal anchor actuation

elements adapted to apply an actuation force on a distal portion of the anchor.
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106. The apparatus of claim 103 further comprising a lock adapted to lock thé
anchor in a deployed shape.

107. The apparatus of claim 101 wherein the proximal end of the anchor is adapted
to resist distal movement during expansion of the anchor after engagement of the valve
leaflets by the engagement elements.

108.  The apparatus of claim 101 wherein the leaflet engagement elements are
adapted to move radially apart as the anchor expands.

109.  The apparatus of claim 101 wherein the leaflet engagement elements are
integral with the anchor.

110. The apparatus of claim 109 wherein the anchor comprises a braid, the leaflet
engagement elements being part of the braid. |

111.  The apparatus of claim 101 wherein the anchor and the replacement valve are
further adapted to permit blood flow from a chamber of the heart through the replacement
valve and to prevent blood flow to the chamber of the heart through the replacement valve
during deployment of the anchor and replacement valve.

112.  The apparatus of claim 101 further comprising a delivery catheter adapted to
deliver the anchor and replacement valve to a vicinity of the heart, wherein the anchor and
the replacement valve are further adapted to permit blood flow through the replacement valve
and to prévent blood backflow through the replacement valve after the replacement valve
exits the catheter and before final deployment of the anchor.

113. The apparatus of claim 112 wherein the anchor and the replacement valve are
further adapted to permit blood flow through the replacement valve and to prevent blood
backflow through the replacement valve after the replacement valve exits the catheter but
before the anchor completely exits the catheter.

114. The apparatus of claim 112 wherein the anchor comprises a self-expanding
anchor.

115. The apparatus of claim 112 wherein the anchor comprises a self-expanding
anchor having a delivery configuration, an at-rest configuration and a deployed configuration,
the at-rest configuration having a diameter larger than a diameter of the delivery
configuration.

116. The apparatus of claim 112 wherein the anchor comprises a self-expanding
anchor having a delivery configuration, an at-rest configuration and a deployed configuration,
the at-rest configuration having a diameter larger than a diameter of the delivery

configuration and smaller than a diameter of the deployed configuration.
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117. The apparatus of claim 112 wherein the anchor and the replacement valve are
further adapted to permit blood flow through the replacement valve and around the catheter
after the replacement valve exits the catheter and before final deployment of the anchor.

118. The apparatus of claim 112 wherein the anchor and the replacement valve are
further adapted to permit blood flow through the replacement valve and into coronary ostia of
the heart after the replacement valve exits the catheter and before final deployment of the
anchor.

119. The apparatus of claim 101 further comprising a seal adapted to prevent blood
flow around the replacement valve when the anchor and replacement valve are fully
deployed.

120. The apparatus of claim 119 wherein the seal comprises a pleated seal.

121.  The apparatus of claim 119 wherein at least a portion of the seal is adapted to
be captured between the leaflets of the patient’s heart valve and a wall of the patient’s heart
when the anchor and replacement valve are fully deployed. \

122.  Apparatus for endovascularly replacing a patient’s heart valve, the apparatus
comprising an expandable anchor supporting a replacement valve, the anchor and
replacement valve being adapted for percutaneous delivery and deployment to replace the
patient’s heart valve, the anchor comprising a braid, the braid comprising leaflet engagement
elements adapted to engage leaflets of the patient’s heart valve.

123.  The apparatus of claim 122 wherein the leaflet engagement elements extend
from a proximal end of the anchor.

124. The apparatus of claim 122 wherein the anchor is further adapted to be
substantially distal to coronary ostia of the patient when the anchor is fully deployed.

125. The apparatus of claim 122 wherein the anchor is further adapted to be
actively foreshortened during deployment.

126.  The apparatus of claim 125 further comprising proximal anchor actuation
elements adapted to apply an actuation force on a proximal portion of the anchor.

127. The apparatus of claim 125 further comprising distal anchor actuation
elements adapted to apply an actuation force on a distal portion of the anchor.

128. The apparatus of claim 125 further comprising a lock adapted to lock the
anchor in a deployed shape.

129. The apparatus of claim 123 wherein the proximal end of the anchor is adapted
to resist distal movement during expansion of the anchor after engagement of the valve

leaflets by the engagement elements.
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130. The apparatus of claim 123 wherein the leaflet engagement elements are
adapted to move radially apart as the anchor expands.

131. The apparatus of claim 123 wherein the anchor and the replacement valve are
further adapted to permit blood flow from a chamber of the heart through the replacement
valve and to prevent blood flow through the replacement valve during deployment of the
anchor and replacement valve.

132. The apparatus of claim 123 further comprising a delivery catheter adapted to
deliver the anchor and replacement valve to a vicinity of the heart, wherein the anchor and
the replacement valve are further adapted to permit blood flow through the replacement valve
and to prevent blood backflow through the replacement valve after the replacement valve
exits the catheter and before final deployment of the anchor.

133.  The apparatus of claim 132 wherein the anchor and the replacement valve are
further adapted to permit blood flow through the replacement valve and to prevent blood
backflow through the replacement valve after the replacement valve exits the catheter and
before the anchor completely exits the catheter.

134. The apparatus of claim 132 wherein the anchor comprises a self-expanding
anchor.

135. The apparatus of claim 132 wherein the anchor comprises a self-expanding
anchor having a delivery configuration, an at-rest configuration and a deployed configuration,
the at-rest configuration having a diameter larger than a diameter of the delivery
configuration.

136. The apparatus of claim 132 wherein the anchor comprises a self-expanding
anchor having a delivery configuration, an at-rest configuration and a deployed configuration,
the at-rest configuration having a diameter larger than a diameter of the delivery
configuration and smaller than a diameter of the deployed configuration.

137. The apparatus of claim 132 wherein the anchor and the replacement valve are
further adapted to permit blood flow through the replacement valve and around the catheter
after the replacement valve exits the catheter and before final deployment of the anchor.

138.  The apparatus of claim 132 wherein the anchor and the replacement valve are
further adapted to permit blood flow through the replacement valve and into coronary ostia of
the heart after the replacement valve exits the catheter and before final deployment of the

anchor.
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139. The apparatus of claim 123 further comprising a seal adapted to prevent blood
flow around the replacement valve when the anchor and replacement valve are fully
deployed.

140. The apparatus of claim 139 wherein the seal comprises a pleated seal.

141. The apparatus of claim 139 wherein at least a portion of the seal is adapted to
be captured between the leaflets of the patient’s heart valve and a wall of the patient’s heart
when the anchor and replacement valve are fully deployed.

142.  Apparatus for endovascularly replacing a patient’s heart valve, the apparatus
comprising an expandable anchor supporting a replacement valve and a delivery catheter
adapted to deliver the anchor and replacement valve to a vicinity of the heart, the anchor and
replacement valve being adapted for percutaneous delivery and deployment to replace the
patient’s heart valve, the anchor and the replacement valve being further adapted to permit
blood flow through the replacement valve and to prevent blood backflow through the
replacement valve after the replacement valve exits the catheter and before final deployment
of the anchor.

143.  The apparatus of claim 142 wherein the anchor comprises a self-expanding
anchor.

144. The apparatus of claim 142 wherein the anchor comprises a self-expanding
anchor having a delivery configuration, an at-rest configuration and a deployed configuration,
the at-rest configuration having a diameter larger than a diameter of the delivery
configuration.

'14‘5. The apparatus of claim 142 wherein the anchor comprises a self-expanding
anchor having a delivery configuration, an at-rest configuration and a deployed configuration,
the at-rest configuration having a diameter larger than a diameter of the delivery
configuration and smaller than a diameter of the deployed configuration.

146. The apparatus of claim 142 wherein the anchor and the replacement valve are
further adapted to permit blood flow through the replacement valve and around the catheter
after the replacement valve exits the catheter and before final deployment of the anchor. '

147. The apparatus of claim 142 wherein the anchor and the replacement valve are
further adapted to permit blood flow through the replacement valve and into coronary ostia of
the heart after the replacement valve exits the catheter and before final deployment of the

anchor.
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148.  The apparatus of claim 142 further comprising a seal adapted to prevent blood
flow around the replacement valve when the anchor and replacement valve are fully
deployed.

149.  The apparatus of claim 148 wherein the seal comprises a pleated seal.

150. The apparatus of claim 148 wherein at least a portion of the seal is adapted to
be captured between the leaflets of the patient’s heart valve and a wall of the patient’s heart
when the anchor and replacement valve are fully deployed.

151. Apparatus for endovascularly replacing a patient’s heart valve comprising:

areplacement valve;

an anchor; and

a deployment tool adapted to apply a non-hydraulic or non-pneumatic actuation force
on the anchor to reshape the anchor.

152. The apparatus of claim 151 wherein the deployment tool is adapted to deliver a
proximally directed actuation force on the anchor.

153. The apparatus of claim 152 wherein the deployment tool comprises a control
member adapted to move a distal end of the anchor proximally.

154. The apparatus of claim 152 wherein at least a portion of the anchor is adapted to
expand in response to application of the proximally directed actuation force.

155. The apparatus of claim 152 wherein the deployment tool comprises a control
member adapted to move a proximal end of the anchor proximally.

156. The apparatus of claim 152 wherein at least a portion of the anchor is adapted to
contract in response to application of the proximally directed actuation force.

157. The apparatus of claim 151 wherein the deployment tool is adapted to deliver a
distally directed actuation force on the anchor.

158. The apparatus of claim 157 wherein the deployment tool comprises a control
member adapted to move a proximal end of the anchor distally.

159. The apparatus of claim 157 wherein at least a portion of the anchor is adapted to
contract in response to application of the distally directed actuation force.

160. The apparatus of claim 151 further comprising a releasable connection between
the deployment tool and the anchor.

161. The apparatus of claim 151 wherein the anchor comprises self-expanding shape
memory material.

162. The apparatus of claim 151 wherein further comprising an anchor lock adapted
to lock the anchor in a deployed configuration.
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163. The apparatus of claim 162 further comprising a lock prevention element
actuatable from outside the patient.

164. The apparatus of claim 151 wherein the anchor comprises barbs adapted to
penetrate tissue when the anchor is in an expanded configuration.

165. The apparatus of claim 151 further comprising a registration element adapted to
determine a position of the replacement valve with respect to the heart valve.

166. The apparatus of claim 165 further comprising a catheter adapted to deliver the
anchor and the replacement valve to a vicinity of the heart valve, the registration element
being disposed on the catheter.

167. The apparatus of claim 165 wherein the registration element is disposed on the
anchor.

168. The apparatus of claim 165 wherein the registration element is adapted to extend
radially outward from the anchor to entrap at least part ‘of the heart valve.

169. Apparatus for endovascularly replacing a patient’s heart valve, the apparatus
comprising:

an anchor having a collapsed delivery configuration and an expanded deployed
configuration; and

areplacement valve coupled to the anchor,

wherein the anchor comprises enhanced radial strength in the expanded deployed
configuration as compared to the collapsed delivery configuration due to imposed
foreshortening.

170. The apparatus of claim 169 further comprising a locking mechanism for
maintaining imposed foreshortening.

171. The apparatus of claim 170, wherein the apparatus is configured for retrieval
prior to actuation of the locking mechanism. |

172. The apparatus of claim 170, wherein the locking mechanism is configured to
maintain a degree of imposed foreshortening selected in vivo.

173. The apparatus of claim 169 further comprising a delivery system configured for
percutaneous delivery, deployment and foreshortening of the anchor.

174. The apparatus of claim 173 further comprising a leaflet engagement element
coupled to the delivery system to provide positive registration of the apparatus relative to an

anatomical landmark.
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175. The apparatus of claim 173, wherein the delivery system is releasably coupled to
the anchor in a manner facilitating dynamic repositioning and retrieval of the anchor post-
deployment.

176. The apparatus of claim 169, wherein the anchor is at least partially covered by a
biocompatible film.

177. The apparatus of claim 169, wherein the replacement valve comprises a valve
chosen from the group consisting of mechanical valves, biologic valves, and combinations
thereof.

178. The apparatus of claim 169, wherein the anchor is fabricated from materials
chosen from the group consisting of self-expanding materials, balloon-expandable materials,
and combinations thereof.

179. The apparatus of claim 169, wherein the anchor further comprises barbs adapted
to engage tissue at the heart valve when the anchor is disposed in the expanded deployed
configuration.

180. The apparatus of claim 169 further comprising a leaflet engagement element
coupled to the anchor to provide positive registration of the apparatus relative to anatomical
landmarks.

181. The apparatus of claim 169, wherein the anchor further comprises an element
configured to reduce paravalvular leakage or regurgitation.

182. Apparatus for endovascularly replacing a patient’s heart valve, the apparatus
comprising:

an anchor;

a replacement valve coupled to the anchor; and

a delivery system,

wherein the delivery system is configured to retrieve the anchor and replacement
valve post-deployment.

183. The apparatus of claim 182, wherein the delivery system is further configured

for percutaneous delivery, deployment and foreshortening of the anchor.
184.  Apparatus for endovascularly replacing a patient’s heart valve comprising:

areplacement valve;

an anchor; and
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a deployment tool comprising a plurality of anchor actuation elements adapted to
apply a non-hydraulically expanding or non-pneumatically expanding actuation force on the
anchor to reshape the anchor.

185. The apparatus of claim 184 wherein the anchor actuation elements comprise a
plurality of proximal anchor actuation elements adapted to apply an actuation force on a
proximal portion of the anchor.

186. The apparatus of claim 184 wherein the anchor actuation elements comprise a
plurality of distal anchor actuation elements adapted to apply an actuation force on a distal
portion of the anchor.

187. The apparatus of claim 184 wherein the anchor actuation elements each
comprise a first member attached to the anchor and a second member releasably attached to
the first member.

188. The apparatus of claim 187 wherein the first members each comprise a post
adapted to support the valve within the anchor.

189. The apparatus of claim 188 wherein at least one post comprises valve
attachment structure, the replacement valve being attached to the post via the valve
attachment structure.

190. The apparatus of claim 189 wherein the valve attachment structure comprises
a plurality of holes formed in the post.

191. The apparatus of claim 190 wherein the valve attachment structure comprises
a tab extending from the post.

192. The apparatus of claim 187 wherein the first members each comprise a lock
element adapted to lock the anchor in a deployed shape.

193. The apparatus of claim 192 wherein the lock element is further adapted to
engage an anchor element to lock the anchor in the deployed shape.

194. The apparatus of claim 192 wherein the apparatus further comprises anchor
lock elements attached to the anchor and adapted to mate with the lock element of each first
member to lock the anchor in the deployed shape.

195. The apﬁaratus of claim 194 wherein the anchor lock elements each comprise a
camming surface adapted to engage the first member and to move at least a portion of the
anchor lock element in response to a lock actuation force.

196. The apparatus of claim 194 further comprising a lock actuator adapted to

apply a locking force to move at least a portion of the anchor lock element.
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197.  The apparatus of claim 194 wherein at least one first member lock element
and at least one anchor lock element are adapted to mate at a plurality of mating
configurations.

198.  The apparatus of claim 197 wherein the at least one first member lock element
comprises a plurality of ratchets adapted to engage a tooth portion of the at least one anchor
lock element.

199. The apparatus of claim 198 wherein the at least one first member further
comprises valve support structure, at least a portion of the plurality of ratchets being disposed
distal to the valve support structure.

200.  The apparatus of claim 198 wherein the at léast one first member further
comprises valve support structure, at least a portion of the plurality of ratchets being disposed
neither distal to nor proximal to the valve support structure.

201.  The apparatus of claim 198 wherein the at least one first member further
comprises valve support structure, substantially all of the plurality of ratchets being disposed
proximal to the valve support structure.

202.  The apparatus of claim 194 wherein the anchor lock elements each comprise a
buckle.

203.  The apparatus of claim 202 wherein the buckle is formed from a cut tube.

204. The apparatus of claim 202 wherein the buckle is formed from bent resilient
material.

205.  The apparatus of claim 194 wherein the first member lock element further
comprises a lock alignment feature adapted to align the first member lock element with the
anchor lock element.

206. The apparatus of claim 205 wherein the lock alignment feature comprises a
hinge.

207. The apparatus of claim 205 wherein the lock alignment feature comprises an
engagement portion of the anchor lock element adapted to engage the first member before
engagement of the anchor lock element with the first member lock element.

208. The apparatus of claim 205 wherein the first member lock element and the
anchor lock element define a lock width, the lock alignment feature comprising a first
member lock element lock area substantially wider than the lock width.

209.  The apparatus of claim 192 further comprising a lock actuator adapted to
apply a locking force to lock the anchor in the deployed shape.
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210.  The apparatus of claim 209 wherein the distal anchor actuation element
comprises the lock actuator.

211.  The apparatus of claim 209 further comprising an unlocking actuator adapted
to unlock the anchor.

212.  The apparatus of claim 211 wherein the lock actuator comprises the unlocking
actuator. |

213.  The apparatus of claim 211 wherein the unlocking actuator comprises a
proximal pull actuator.

214.  The apparatus of claim 211 wherein the unlocking actuator comprises a distal -
push actuator.

215.  The apparatus of claim 209 further comprising a lock prevention mechanism.

216.  The apparatus of claim 192 wherein the first members each comprise a spring
adapted to permit axial lengthening of the anchor in response to radially inward compression.

217.  The apparatus of claim 184 wherein the anchor actuation elements are adapted
to apply a distally directed force on the anchor.

218.  The apparatus of claim 184 wherein the anchor actuation elements are adapted
to apply a proximally directed force on the anchor.

219.  The apparatus of claim 184 wherein the anchor actuation elements are adapted
to apply distally directed and proximally directed forces on the anchor.

220. The apparatus of claim 184 further comprising a releasable attachment
mechanism adapted to releasably attach at least one anchor actuation element to the anchor.

221, The apparatus of claim 220 further comprising a mpvable release actuator
adapted to actuate the releasable attachment mechanism.

222.  The apparatus of claim 221 wherein the movable release actuator is adapted to
prevent a release movement of the anchor attachment mechanism in a first position and to
permit a release movement of the anchor attachment mechanism in a second position.

223. The apparatus of claim 222 wherein the release actuator comprises a cover
covering at least a portion of the releasable attachment mechanism.

224. The apparatus of claim 221 wherein the release actuator comprises an
elongated element movable within at least part of the releasable attachment mechanism.

225. The apparatus of claim 224 wherein the release actuator further comprises a
camming surface adapted to resist actuation of the releasable attachment mechanism.

226. The apparatus of claim 224 wherein a distal portion of the elongated element

is adapted to engage the anchor.
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227. The apparatus of claim 221 wherein the release actuator comprises a friction
surface.

228. The apparatus of claim 221 wherein the release actuator is adapted to move
less than one inch to release the attachment mechanism.

229. The apparatus of claim 220 wherein the releasable attachment mechanism
comprises a wrap portion adapted to wrap at least part way around an anchor element.

230. The apparatus of claim 229 wherein at least the wrap portion comprises shape
memory material.

231. The apparatus of claim 229 wherein the wrap portion comprises an opening
adapted to engage a release actuator.

232. The apparatus of claim 231 wherein the opening comprises a first opening, the
releasable attachment mechanisms each comprising a second opening adapted to be aligned
with the first opening and to engage the release actuator.

233. The apparatus of claim 232 wherein the releasable attachment mechanisms
each comprise a spring element adapted to urge the first opening out of alignment with the
second opening.

234. The apparatus of claim 220 wherein the releasable attachment mechanism
comprises a first shape on an anchor actuation element adapted to mate with a second shape
on an anchor attachment element to substantially prevent relative distal or proximal
movement between the anchor actuation element and the anchor.

235. The apparatus of claim 234 further comprising a release actuator adapted to
actuate the releasable attachment mechanism.

236. The apparatus of claim 235 wherein the release actuator is adapted to be
moved to permit relative movement between the first shape and the second shape.

237. The apparatus of claim 235 wherein the release actuator is adapted to be
moved to permit the first shape to change to a third shape permitting relative distal or
proximal movement between the anchor actuation element and the anchor.

238. The apparatus of claim 235 wherein the release actuator is adapted to be
moved to permit the second shape to change to a third shape permitting relative distal or
proximal movement between the anchor actuation element and the anchor.

239. The apparatus of claim 234 wherein the anchor actuation element is adapted to
separate from the anchor attachment element in response to relative movement between the

anchor actuation element and the anchor attachment element.
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240. The apparatus of claim 239 wherein the first shape comprises a camming
surface.

241. The apparatus of claim 239 wherein the second shape comprises a camming
surface.

242. The apparatus of claim 184 wherein the anchor actuation elements each
comprise a curved portion.

243.  The apparatus of claim 242 wherein the curved portion of each anchor
actuation element is at a distal end of the anchor actuation element.

244. The apparatus of claim 184 wherein the anchor actuation elements comprise
shaping features adapted to affect a shape of the anchor actuation elements when an anchor
actuation force is applied.

245. The apparatus of claim 244 wherein the shaping features comprise reduced
diameter portions of the anchor actuation elements.

246. The apparatus of claim 244 wherein the shaping features comprise reduced
wall thickness portions of the anchor actuation elements.

247. The apparatus of claim 244 wherein the shaping features comprise slits formed
in the anchor actuation elements.

248.  The apparatus of claim 184 wherein the anchor actuation elements comprise a
plurality of arms extending from a unitary structure.

249. The apparatus of claim 248 wherein each arm is adapted to move radially
outward and radially inward with respect to other arms as the anchor reshapes.

250. The apparatus of claim 248 wherein the anchor actuation elements comprise a
cut tube.

251. The apparatus of claim 184 wherein the deployment tool further comprises a
catheter adapted to percutaneously communicate the anchor actuation elements with an
operator exterior to the patient.

252. The apparatus of claim 251 wherein the catheter comprises a plurality of
lumens, at least part of each anchor actuation element being disposed in one of the lumens.

253. The apparatus of claim 251 wherein the deployment tool further comprises a
handle adapted to actuate the anchor actuation elements.

254. The apparatus of claim 184 wherein the deployment tool is further adapted to
apply a non-hydraulically expanding or non-pneumatically expanding actuation force on the
anchor withopt passing any portion of the deployment tool through a central opening in the

replacement valve.

-108-



10

15

20

25

30

WO 2005/062980 PCT/US2004/043607

255. Apparatus for endovascularly replacing a heart valve comprising:

a catheter;

a replacement valve configured to be disposed within the catheter for delivery to a
vicinity of the heart valve; and

an expandable anchor configured to be disposed within the catheter for delivery to a
vicinity of the heart valve, to be deployed from the catheter, to be expanded to contact tissue
at an anchor site and to be retrieved back into the catheter after having been expanded.

256. The apparatus of claim 255 further comprising a deployment tool configured to
apply an actuation force to the anchor when the anchor is in the vicinity of the heart valve.

257. The apparatus of claim 256 wherein the deployment tool is adapted to deliver a
proximally directed actuation force on the anchor.

258. The apparatus of claim 257 wherein the deployment tool comprises a control
member adapted to move a distal end of the anchor proximally.

259. The apparatus of claim 257 wherein at least a portion of the anchor is adapted to
expand in response to application of the proximally directed actuation force.

260. The apparatus of claim 257 wherein the deployment tool comprises a control
member adapted to move a proximal end of the anchor proximally.

261. The apparatus of claim 257 wherein at least a portion of the anchor is adapted to
contract in response to application of the proximally directed actuation force.

262. The apparatus of claim 256 wherein the deployment tool is adapted to deliver a
distally directed actuation force on the anchor.

263. The apparatus of claim 262 wherein the deployment tool comprises a control
member adapted to move a proximal end of the anchor distally.

264. The apparatus of claim 262 wherein at least a portion of the anchor is adapted to
contract in response to application of the distally directed actuation force.

265. The apparatus of claim 256 further comprising a releasable connection between
the deployment tool and the anchor.

266. The apparatus of claim 255 wherein the replacement valve is coupled to the
anchor.

267. The apparatus of claim 255 wherein the catheter comprises a catheter having a
diameter no more than 21 french.

268.  Apparatus for endovascularly replacing a patient’s heart valve comprising:

a sheath;

a deployment tool comprising a plurality of anchor actuation elements;
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a replacement valve configured to be disposed within the sheath for delivery to a
vicinity of the heart valve; and

an expandable anchor configured to be disposed within the sheath for delivery to the
vicinity of the heart valve, to be deployed from the sheath, to be expanded by the deployment
tool to contact tissue at an anchor site and to be refrieved back into the sheath after having
been expanded.

269. The apparatus of claim 268 wherein the anchor actuation elements comprise a
plurality of proximal anchor actuation elements adapted to apply an actuation force on a
proximal portion of the anchor.

270.  The apparatus of claim 268 wherein the anchor actuation elements comprise a
plurality of distal anchor actuation elements adapted to apply an actuation force on a distal
portion of the anchor.

271.  The apparatus of claim 270 wherein the distal anchor actuation elements each
comprises a first member attached to the distal pbrtion of the anchor and a second member
releasably attached to the first member.

272.  The apparatus of claim 271 wherein the first members each comprise a post
adapted to support the valve within the anchor.

273.  The apparatus of claim 272 wherein at least one post comprises valve
attachment structure, the replacement valve being attached to the post via the valve
attachment structure.

274. The apparatus of claim 273 wherein the valve attachment structure comprises
a plurality of holes formed in the post.

275.  The apparatus of claim 274 wherein the valve attachment structure comprises
a tab extending from the post.

276. The apparatus of claim 271 wherein the first members each comprise a lock
element adapted to lock the anchor in a deployed shape.

277.  The apparatus of claim 276 wherein the lock element is further adapted to
engage an anchor element to lock the anchor in the deployed shape.

278.  The apparatus of claim 276 wherein the apparatus further comprises anchor
lock elements attached to the anchor and adapted to mate with the lock element of each first
member to lock the anchor in the deployed shape.

279.  The apparatus of claim 278 wherein the anchor lock elements each comprise a
camming surface adapted to engage the first member and to move at least a portion of the

anchor lock element in response to a lock actuation force.
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280. The apparatus of claim 278 further comprising a lock actuator adapted to
apply a locking force to move at least a portion of the anchor lock element.

281. The apparatus of claim 278 wherein at least one first member lock element
and at least one anchor lock element are adapted to mate at a plurality of mating
configurations.

282. The apparatus of claim 281 wherein the at least one first member lock element
comprises a plurality of ratchets adapted to engage a tooth portion of the at least one anchor
lock element.

283. The apparatus of claim 282 wherein the at least one first member further
comprises valve support structure, at least a portion of the plurality of ratchets being disposed
distal to the valve support structure.

284.  The apparatus of claim 282 wherein the at least one first member further
comprises valve support structure, at least a portion of the plurality of ratchets being disposed
neither distal to nor proximal to the valve support structure.

285. The apparatus of claim 282 wherein the at least one first member further
comprises valve support structure, substantially all of the plurality of ratchets being disposed
proximal to the valve support structure.

286. The apparatus of claim 278 wherein the anchor lock elements each comprise a
buckle.

287. The apparatus of claim 286 wherein the buckle is formed from a cut tube.

288. The apparatus of claim 286 wherein the buckle is formed from bent resilient
material.

289.  The apparatus of claim 278 wherein the ﬁrst member lock element further
comprises a lock alignment feature adapted to align the first member lock element with the
anchor lock element.

290. The apparatus of claim 289 wherein the lock alignment feature comprises a
hinge.

291. The apparatus of claim 289 wherein the lock alignment feature comprises an
engagement portion of the anchor lock element adapted to engage the first member before
engagement of the anchor lock element with the first member lock element.

292. The apparatus of claim 289 wherein the first member lock element and the
anchor lock element define a lock width, the lock alignment feature comprising a first

member lock element lock area substantially wider than the lock width.
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293. The apparatus of claim 276 further comprising a lock actuator adapted to
apply a locking force to lock the anchor in the deployed shape.

294.  The apparatus of claim 293 wherein the distal anchor actuation element
comprises the lock actuator.

295. The apparatus of claim 293 further comprising an unlocking actuator adapted
to unlock the anchor.

296. The apparatus of claim 295 wherein the lock actuator comprises the unlocking
actuator.

297. The apparatus of claim 295 wherein the unlocking actuator comprises a
proximal pull actuator.

298.  The apparatus of claim 295 wherein the unlocking actuator comprises a distal
push actuator.

299. The apparatus of claim 293 further comprising a lock prevention mechanism.

300. The apparatus of claim 276 wherein the first members each comprise a spring
adapted to permit axial lengthening of the anchor in response to radially inward compression.

301.  The apparatus of claim 268 wherein the anchor actuation elements are adapted
to apply a distally directed force on the anchor.

302. The apparatus of claim 268 wherein the anchor actuation elements are adapted
to apply a proximally directed force on the anchor.

303. The apparatus of claim 302 wherein the anchor actuation elements are further
adapted to retrieve the anchor into the sheath.

304. The apparatus of claim 268 wherein the anchor actuation elements are adapted
to apply distally directed and proximally directed forces on the anchor.

305. The apparatus of claim 268 further comprising a releasable attachment
mechanism adapted tlo releasably attach at least one anchor actuation element to the anchor.

306. The apparatus of claim 305 further comprising a movable release actuator
adapted to actuate the releasable attachment mechanism.

307. The apparatus of claim 306 wherein the movable release actuator is adapted to
prevent a release movement of the anchor attachment mechanism in a first position and to
permit a release movement of the anchor attachment mechanism in a second position.

308. The apparatus of claim 306 wherein the release actuator comprises a cover
covering at least a portion of the releasable attachment mechanism.

309. The apparatus of claim 306 wherein the release actuator comprises an

elongated element movable within at least part of the attachment mechanism.
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310. The apparatus of claim 309 wherein the release actuator further comprises a
camming surface adapted to resist actuation of the attachment mechanism.

311. The apparatus of claim 309 wherein a distal portion of the elongated element
is adapted to engage the anchor.

312. The apparatus of claim 306 wherein the release actuator comprises a friction
surface.

313. The apparatus of claim 306 wherein the release actuator is adapted to move
less than one inch to release the attachment mechanism.

314. The apparatus of claim 305 wherein the releasable attachment mechanism
comprises a wrap portion adapted to wrap at least part way around an anchor element.

315. The apparatus of claim 314 wherein at least the wrap portion comprises shape
memory material.

316. The apparatus of claim 314 wherein the wrap portion comprises an opening
adapted to engage a release actuator.

317. The apparatus of claim 316 wherein the opening comprising a first opening,
the releasable attachment mechanisms each comprising a second opening adapted to be
aligned with the first opening and to engage the release actuator.

318. The apparatus of claim 317 wherein the releasable attachment mechanisms

each comprise a spring element adapted to urge the first opening out of alignment with the

. second opening.

319. The apparatus of claim 305 wherein the releasable attachment mechanisms
each comprise a first shape on an anchor actuation element adapted to mate with a second
shape on an anchor attachment element to substantially prevent relative distal or proximal
movement between the anchor actuation element and the anchor.

320. The apparatus of claim 319 further comprising a release actuator adapted to
actuate the releasable attachment mechanism.

321. The apparatus of claim 320 wherein the release actuator is adapted to be
moved to permit relative movement between first shape and second shape.

322. The apparatus of claim 320 wherein the release actuator is adapted to be
moved to permit the first shape to change to a third shape permitting relative distal or
proximal movement between the anchor actuation element and the anchor.

323. The apparatus of claim 328 wherein the release actuator is adapted to be
moved to permit the second shape to change to a third shape permitting relative distal or

proximal movement between the anchor actuation element and the anchor.
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324. The apparatus of claim 319 wherein the anchor actuation element is adapted to
separate from the anchor attachment element in response to relative movement between the
anchor actuation element and the anchor attachment element.

325.  The apparatus of claim 324 wherein the first shape comprises a camming
surface.

326. The apparatus of claim 324 wherein the second shape comprises a camming
surface.

327. The apparatus of claim 268 wherein the anchor actuation elements each
comprise a curved portion.

328. The apparatus of claim 327 wherein the curved portion of each anchor
actuation element is at a distal end of the anchor actuation element.

329.  The apparatus of claim 268 wherein the anchor actuation elements comprise
shaping features adapted to affect a shape of the anchor actuation elements when an anchor
actuation force is applied.

330. The apparatus of claim 329 wherein the shaping features comprise reduced
diameter portions of the anchor actuation elements.

331. The apparatus of claim 329 wherein the shaping features comprise reduced
wall thickness portions of the anchor actuation elements.

332.  The apparatus of claim 329 wherein the shaping features comprise slits formed
in the anchor actuation elements. |

333.  The apparatus of claim 268 wherein the anchor actuation elements comprise a
plurality of arms extending from a unitary structure.

334.  The apparatus of claim 333 wherein each arm is adapted to move radially
outward and radially inward with respect to other arms as the anchor reshapes.

335.  The apparatus of claim 333 wherein the anchor actuation elements comprise a
cut tube.

336. The apparatus of claim 268 wherein the deployment tool further comprises a
deployment tool catheter adapted to percutaneously communicate the anchor actuation
elements with an operator exterior to the patient.

337. The apparatus of claim 336 wherein the deployment tool catheter comprises a
plurality of lumens, at least part of each anchor actuation element being disposed in one of
the lumens.

338.  The apparatus of claim 336 wherein the deployment tool further comprises a

handle adapted to actuate the anchor actuation elements.
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339. The apparatus of claim 268 wherein the deployment tool is configured to
expand the anchor without passing any portion of the deployment tool through a center
opening of the replacement valve. i

340. Apparatus for endovascularly replacing a patient’s heart valve comprising:

a delivery catheter having a diameter of 21 french or less;

an expandable anchor disposed within the delivery catheter; and

a replacement valve disposed within the delivery catheter.

341. The apparatus of claim 340 wherein the replacment valve is coupled to the
anchor within the catheter.

342. The apparatus of claim 340 wherein the catheter is adapted to deliver the anchor

and replacement valve to an aortic valve along a retrograde approach.

343. The apparatus of claim 340 further comprising a sheath covering the anchor and

. the replacement valve within the catheter.

344. The apparatus of claim 340 further comprising a deployment tool coupled to the
anchor within the catheter.

345. The apparatus of claim 344 wherein the deployment tool comprises a plurality
of flexible control elements.

346. The apparatus of claim 344 wherein the deployment tool comprises a plurality
of stiff control rods.

347. The apparatus of claim 344 further comprising a releasable connection between
the deployment tool and the anchor.

348. The apparatus of claim 340 further comprising an expandable balloon disposed
within the delivery catheter, the balloon being adapted to expand the anchor.

349. The apparatus of claim 348 wherein the balloon is disposed within the catheter
apart from the anchor and the replacement valve.

350. Apparatus for endovascularly replacing a patient’s heart valve, the apparatus
comprising:

areplacement valve adapted to be delivered endovascularly to a vicinity of the heart
valve;

an expandable anchor adapted to be delivered endovascularly to the vicinity of the
heart valve; and

a lock mechanism configured to maintain a minimum amount of anchor expansion.

351. The apparatus of claim 350 wherein the lock mechanism comprises an arm

extending from a first anchor region toward a second anchor region.
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352. The apparatus of claim 351 wherein the arm comprises a first interlocking
element .

353. The apparatus of claim 352 wherein the second anchor region comprises a
second interlocking element adapted to mate with the first interlocking element.

354. The apparatus of claim 352 wherein the first interlocking element comprises a
locking configuration and a lock prevention configuration.

355. The apparatus of claim 352 wherein the arm comprises a plurality of first
interlocking elements having substantially the same shape, the plurality of first interlocking
elements extending along the arm in a spaced-apart relationship.

356. The apparatus of claim 355 wherein the second anchor region comprises a
second interlocking element adapted to mate with one of the plurality of first interlocking
elements.

357. The apparatus of claim 350 wherein the lock mechanism comprises first and
second interlocking elements adapted to mate with each other.

358. The apparatus of claim 357 wherein the first and second interlocking elements
are associated with first and second anchor regions, respectively.

359. The apparatus of claim 350 further comprising an anchor actuator adapted to
change the anchor’s shape.

360. The apparatus of claim 359 wherein the actuator is further adapted to move a
first anchor region toward a second anchor region.

361. The apparatus of claim 360 wherein the anchor is adapted to radially expand
when the first anchor region moves toward the second anchor region.

362. The apparatus of claim 360 wherein the actuator is further adapted to move the
first anchor region away from the second anchor region.

363. The apparatus of claim 362 wherein the anchor is adapted to radially contract
when the first anchor region moves away from the second anchor region.

364. The apparatus of claim 359 wherein the lock mechanism comprises first and
second interlocking elements adapted to mate with each other to prevent the first anchor
region and second anchor region from moving away from each other.

365. The apparatus of claim 359 further comprises an actuator release mechanism.

366. The apparatus of claim 350 wherein the replacement valve is adapted to be
coupled to the anchor during delivery of the anchor and replacement valve through a catheter

to the vicinity of the heart valve.
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| 367. Apparatus for endovascularly replacing a patient’s heart valve, the apparatus
comprising:
an anchor comprising a lip region and a skirt region;
a replacement valve coupled to the anchor; and
a lock,
wherein the lip region and skirt region are configured for percutaneous expansion to
engage the patient’s heart valve, and

wherein the lock is configured to maintain such expansion.

368. A replacement heart valve system comprising:

an anchor having a collapsed endovascular delivery configuration and an expanded
deployed configuration;

a replacement valve sﬁpport secured to the anchor in the anchor’s delivery and
deployed configurations, the replacement valve support having a length that is substantially
the same in the anchor’s delivery and deployed configurations; and

a replacement valve supported by the replacement valve support.

369. The system of claim 368 wherein the replacement valve support comprises a
base portion and a commissure support portion, the base portion being adapted to be radially

expandable.

370. The system of claim 368 wherein the replacement valve support comprises a

base portion and a commissure support portion axially separated from the base portion.

371.  The system of claim 368 wherein the replacement valve support comprises a
base portion and a commissure support portion, the replacement valve support being secured

to the anchor solely at the base portion.

372. The system of claim 371 where the replacement valve support is secured to the

anchor at the base portion and at the commissure support portion.

373. The system of claim 368 wherein the replacement valve support comprises an

anchor actuator interface.
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374. The system of claim 373 wherein the replacement valve support comprises a
commissure support portion, the commissure support portion comprising the anchor actuator

interface.

375. The system of claim 373 wherein the anchor actuator interface comprises a
first anchor actuator interface, the anchor further comprising a second anchor actuator

interface.

376. The system of claim 375 wherein the first anchor actuator interface is adapted
to actuate a distal portion of the anchor and the second anchor actuator interface is adapted to

actuate a proximal portion of the anchor.

377. The system of claim 373 wherein the replacement valve support comprises a

plurality of anchor actuator interfaces.

378. The system of claim 377 wherein the anchor actuator interfaces are adapted to
actuator a distal portion of the anchor, the system further compriéing a plurality of proximal

anchor actuator interfaces adapted to actuate a proximal portion of the anchor.

379. The system of claim 368 further comprising an anchor lock adapted to lock the
anchor in the deployed configuration. ’

380. The system of claim 379 wherein the replacement valve support comprises the

anchor lock.

381. The system of claim 380 wherein the replacement valve support comprises a
base portion and a commissure support portion, the commissure support portion comprising

the anchor lock.

382. The system of claim 381 wherein the anchor lock comprises first and second
locking elements, the commissure support comprising the first locking element, the anchor

supporting the second locking element.

383. The system of claim 380 wherein the anchor lock is adapted to lock the anchor

in a plurality of expanded configurations.

384. The system of claim 368 wherein the replacement valve support comprises a

plurality of commissure supports.
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385. The system of claim 368 wherein the replacement valve support is adapted to
have the same configuration in the anchor’s delivery and deployed configurations.

386. The system of claim 368 wherein the anchor comprises a braid.

387. A replacement heart valve system comprising:

an anchor having a collapsed delivery configuration and an expanded deployed
configuration; and

a replacement valve having a valve height and being supported within the anchor such
that the valve height is substantially the same in the anchor’s delivery and deployed

configurations.
388. The system of claim 387 wherein the anchor comprises a braid.

389. The system of claim 387 further comprising a replacement valve support
secured to the anchor, the replacement valve support being adapted to support the

replacement valve within the anchor.

390. The system of claim 389 wherein the replacement valve support comprises a
base portion and a commissure support portion, the base portion being adapted to be

expandable.

391. The system of claim 389 wherein the replacement valve support comprises a

base portion and a commissure support portion axially separated from the base portion.

392. The system of claim 389 wherein the replacement valve support comprises a
base portion and a commissure support portion, the replacement valve support being secured

to the anchor solely at the base portion.

393.  The system of claim 389 wherein the replacement valve support comprises an

anchor actuator interface.

394, The system of claim 393 wherein the replacement valve support comprises a
commissure support portion, the commissure support portion comprising the anchor actuator
interface.

395. The system of claim 393 wherein the anchor actuator interface comprises a
first anchor actuator interface, the anchor further comprising a second anchor actuator

interface.
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396. The system of claim 395 further comprising an anchor lock adapted to lock the
anchor in the deployed configuration.

397. The system of claim 389 wherein the replacement valve support is adapted to

have the same configuration in the anchor’s delivery and deployed configurations.

398. The system of claim 387 further comprising an anchor lock adapted to lock the

anchor in the deployed configuration.

399. The system of claim 398 wherein the replacement valve support comprises the

anchor lock.

400. The system of claim 399 wherein the replacement valve support comprises a
base portion and a commissure support portion, the commissure support portion comprising

the anchor lock.

401. The system of claim 400 wherein the anchor lock comprises first and second
locking elements, the commissure support comprising the first locking element, the anchor

supporting the second locking element.

402. The system of claim 399 wherein the anchor lock is adapted to lock the anchor
in a plurality of expanded configurations.

403. Apparatus for endovascularly replacing a patient’s heart valve, the apparatus
comprising:

a custom-designed anchor; and

areplacement valve,

wherein the custom-designed anchor is adapted to engage native leaflets of the heart
valve, and

wherein the anchor and the valve are adapted for in vivo expansion and coupling to
one another to form composite apparatus that endovascularly replaces the heart valve.

404. The apparatus of claim 403, wherein the anchor comprises a lip section adapted
to engage valve leaflets of the heart valve and to preclude distal migration of the composite
apparatus.

405. The apparatus of claim 404, wherein the anchor comprises a groove section

adapted to couple the anchor to the replacement valve to form the composite apparatus.
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406. The apparatus of claim 405, wherein the groove section is adapted to reduce
impingement of tissue from the valve leaflets within the groove section, thereby facilitating
formation of the composite apparatus.

407. The apparatus of claim 403, wherein the anchor comprises a skirt section
adaptéd to preclude proximal migration of the composite apparatus.

408. The apparatus of claim 403, wherein the anchor is at least partially covered by a
biocompatible film.

409. The apparatus of claim 403, wherein the anchor comprises a lip section, a
groove section and a skirt section.

410. The apparatus of claim 409, wherein the replacement valve comprises a valve
and an expandable frame. -

411. The apparatus of claim 410, wherein the expandable frame of the replacement
valve is adapted to engage the groove section of the anchor to form the composite apparatus.

412. The apparatus of claim 403, wherein the replacement valve comprises a valve
chosen from the group consisting of mechanical valves, biologic valves, and combinations
thereof.

413. The apparatus of claim 412, wherein the replacement valve further comprises an
expandable frame coupled to the valve.

414. The apparatus of claim 413, wherein the expandable frame is adapted to couple
the replacement valve to the anchor to form the composite apparatus.

415. The apparatus of claim 403, wherein the apparatus is fabricated from a material
chosen from the group consisting of stainless steel, spring steel, shape-memory polymers,
shape-memory alloys, nickel-titanium alloys, and combinations thereof. ‘

416. The apparatus of claim 403, wherein both the anchor and the replacement valve
have collapsed delivery configurations and expanded deployed configurations.

417. The apparatus of claim 416, wherein the anchor and the replacement valve are
adapted for expansion from the delivery to the deployed configurations via a mechanism
chosen from the group consisting of balloon-expansion, self-expansion, and combinations
thereof.

418. The apparatus of claim 416 further comprising a delivery system for
endovascularly advancing the anchor and the replacement valve to a vicinity of the patient’s
valve while the anchor and the replacement valve are disposed in the collapsed delivery

configuration.
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419. The apparatus of claim 418, wherein the delivery system comprises a single
catheter.

420. The apparatus of claim 418, wherein the delivery system comprises multiple
catheters.

421. The apparatus of claim 418, wherein the delivery system is adapted to facilitate
expansion of the anchor and the replacement valve to the deployed configuration and to
facilitate coupling of the anchor to the replacement valve to form the composite apparatus.

422. The apparatus of claim 403, wherein the apparatus comprises at least one
radiopaque feature adapted to facilitate deployment and in vivo coupling of the anchor to the
replacement valve under fluoroscopic guidance.

423. The apparatus of claim 418, wherein the delivery system comprises at least one
radiopaque feature adapted to facilitate deployment and iz vivo coupling of the anchor to the
replacement valve under fluoroscopic guidance.

424. The apparatus of claim 403, wherein the apparatus is adapted to facilitate
dynamic repositioning of the apparatus during delivery.

425. The apparatus of claim 403, wherein engagement of the native leaflets is
adapted to facilitate positive registration of the anchor relative to the patient’s heart valve and
the patient’s coronary ostia.

426. The apparatus of claim 403, wherein the composite apparatus is adapted to
reduce paravalvular regurgitation.

427. The apparatus of claim 403, wherein the apparatus is configured for
percutaneous delivery through the patient’s aorta without necessitating a transseptal puncture.

428. Apparatus for endovascularly replacing a patient’s heart valve, the apparatus
comprising:

an anchor having a first portion of an alignment/locking mechanism; and

areplacement valve having a second portion of the alignment/locking mechanism,

wherein the anchor and the valve are adapted for in vivo expansion and coupling to
one another to form composite apparatus that endovascularly replaces the patient’s heart
valve.

429. The apparatus of claim 428, wherein the first and second portions of the
alignment/locking mechanism are configured to lockingly form the composite apparatus.

430. The apparatus of claim 428, wherein the anchor comprises a lip section, a

groove section and a skirt section.
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431. The apparatus of claim 430, wherein the lip section is adapted to engage valve
leaflets of the heart valve and preclude distal migration of the composite apparatus.

432. The apparatus of claim 430, wherein the groove section is adapted to couple the
anchor to the replacement valve to form the composite apparatus.

433. The apparatus of claim 430, wherein the skirt section is adapted to preclude
proximal migration of the composite apparatus.

434. The apparatus of claim 428, wherein the anchor is at least partially covered by a
biocompatible film.

435, The apparatus of claim 428, wherein the replacement valve comprises a valve
chosen from the group consisting of mechanical valves, biologic valves, and combinations
thereof.

436. The apparatus of claim 428, wherein the replacement valve further comprises an
expandable frame coupled to the valve.

437. The apparatus of claim 428, wherein both the anchor and the replacement valve
have collapsed delivery configurations and expanded deployed configurations.

438. The apparatus of claim 437, wherein the anchor and the replacement valve are
adapted for expansion from the delivery to the deployed configurations via a mechanism
chosen from the group consisting of balloon-expansion, self-expansion, and combinations
thereof.

439. The apparatus of claim 437 further comprising a delivery system for
endovascularly advancing the anchor and the replacement valve to a vicinity of the patient’s
valve while the anchor and the replacement valve are disposed in the collapsed delivery
configuration.

440. The apparatus of claim 439, wherein the apparatus comprises at least one
radiopaque feature adapted to facilitate deployment and in vivo coupling of the anchor to the
replacement valve under fluoroscopic guidance.

441. The apparatus of claim 428, wherein the apparatus is at least partially fabricated
from a material chosen from the group consisting of stainless steel, spring steel, shape-

memory polymers, shape-memory alloys, nickel-titanium alloys, and combinations thereof.
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