WO 2021/188476 PCT/US2021/022467

DELIVERY APPARATUS AND METHODS FOR IMPLANTING PROSTHETIC
HEART VALVES

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to U.S. Provisional Application No. 62/990,299,
filed March 16, 2020, which is incorporated by reference herein.

FIELD
[0002] The present disclosure relates to implantable prosthetic devices, such as prosthetic

heart valves, and to delivery apparatus and methods for implanting prosthetic heart valves.

BACKGROUND
[0003] The human heart can suffer from various valvular diseases. These valvular
diseases can result in significant malfunctioning of the heart and ultimately require repair of
the native valve or replacement of the native valve with an artificial valve. There are several
known repair devices (e.g., stents) and artificial valves, as well as a number of known
methods of implanting these devices and valves in humans. Percutaneous and minimally-
invasive surgical approaches are used in various procedures to deliver prosthetic medical
devices to locations inside the body that are not readily accessible by surgery or where

access without surgery is desirable.

[0004] In one specific example, a prosthetic heart valve can be mounted in a crimped state
on the distal end of a delivery apparatus and advanced through the patient’s vasculature
(e.g., through a femoral artery and the aorta) until the prosthetic heart valve reaches the
implantation site in the heart. The prosthetic heart valve is then expanded to its functional
size, for example, by inflating a balloon on which the prosthetic heart valve is mounted,
actuating a mechanical actuator that applies an expansion force to the prosthetic heart valve,
or by deploying the prosthetic heart valve from a sheath of the delivery apparatus so that the

prosthetic heart valve can self-expand to its functional size.

[0005] Prosthetic heart valves that rely on a mechanical actuator for expansion can be
referred to as “mechanically-expandable” prosthetic heart valves. Mechanically-expandable
prosthetic heart valves can provide one or more advantages over self-expandable and
balloon-expandable prosthetic heart valves. For example, mechanically-expandable
prosthetic heart valves can be expanded to various diameters. Mechanically-expandable
prosthetic heart valves can also be compressed after an initial expansion (e.g., for

repositioning and/or retrieval).
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[0006] Despite these advantages, mechanically-expandable prosthetic heart valves can
present several challenges. For example, it can be difficult to control the forces applied to
the prosthetic heart valve and/or the delivery apparatus during the implantation procedure.
These difficulties can be compounded when the delivery apparatus is disposed in a tortuous
pathway, such as a patient’s vasculature. It can also be difficult to release a mechanically-
expandable prosthetic heart valve from the delivery apparatus. Additionally, given the
number of moving components to control, typical delivery apparatus can be difficult and/or
time-consuming for a user to operate. Accordingly, there is a need for improved delivery

apparatus and methods for implanting mechanically-expandable prosthetic heart valves.

SUMMARY
[0007] Described herein are prosthetic heart valves, delivery apparatus, and methods for
implanting prosthetic heart valves. The disclosed delivery apparatus and methods can, for
example, reduce the difficulty and/or the time needed to implant a prosthetic heart valve.
The disclosed delivery apparatus are relatively simple and easy to use and include various
safeguards, which can help to ensure a prosthetic heart valve is safely and securely

implanted.

[0008] In one representative example, a delivery apparatus for implanting a prosthetic
heart valve comprises one or more shafts and a handle coupled to the one or more shafts.
The handle comprises one or more knobs, one or more adjustment mechanisms, and/or one
or more control mechanisms. The one or more adjustment mechanisms are configured for
moving the shafts relative to each other and/or relative to the handle. The one or more
control mechanisms are configured for limiting the direction of movement and/or force

applied to the one or more shafts.

[0009] In another representative example, a delivery assembly comprises the preceding
delivery apparatus and a prosthetic heart valve, which can be coupled to the delivery

apparatus.

[0010] In another representative example, a method of implanting a prosthetic heart valve
comprises rotating a first knob of a handle of a delivery apparatus to retract a first shaft of
the delivery apparatus relative to a prosthetic heart valve, rotating a second knob of the
handle to adjust the radial expansion of the prosthetic heart valve, and rotating a third knob

of the handle to release the prosthetic heart valve from the delivery apparatus.
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[0011] In another representative example, an assembly for implanting a prosthetic heart
valve comprises a prosthetic heart valve configured to be moved between a compressed state
and an expanded state and a delivery apparatus comprising one or more shafts and a handle.
The prosthetic heart valve is releasably coupled to at least one of the shafts of the delivery
apparatus. The handle is configured for positioning the prosthetic heart valve and for

adjusting the prosthetic heart valve between the compressed state and the expanded state.

[0012] In another representative example, a delivery apparatus for implanting a prosthetic
heart valve comprises a first shaft, a second shaft extending through the first shaft, a third
shaft extending through the second shaft, and a handle. The first shaft comprises a distal end
portion and a proximal end portion. The distal end portion of the first shaft comprises a
capsule configured to receive the prosthetic heart valve in a radially compressed state. The
second shaft comprises a distal end portion and a proximal end portion. The distal end
portion of the second shaft is configured for contacting the prosthetic heart valve. The third
shaft comprises a distal end portion and a proximal end portion. The distal end portion of
the third shaft is configured to be releasably coupled to the prosthetic heart valve. The
handle comprises a main portion and a first knob rotatably coupled to the main portion. The
proximal end portions of the first shaft, the second shaft, and the third shaft are coupled to
the main portion of the handle. The handle is configured such that rotating the first knob in
a first direction from a first rotational position to a second rotational position relative to the
main portion results in axial movement of the first shaft relative to the second shaft and the
third shaft. The handle is further configured such that rotating the first knob in the first
direction from the second rotational position to a third rotational position relative to the main
portion results in axial movement of the first shaft and the second shaft relative to the third

shaft.

[0013] In another representative example, a delivery apparatus for implanting a prosthetic
heart valve comprises a first shaft having a first end portion and a second end portion, a
second shaft extending through the first shaft and having a first end portion and a second end
portion, a nosecone coupled to the first end portion of the second shaft, and a handle
comprising a main portion and an adjustment mechanism. The second end portion of the
first shaft is coupled to the main portion of the handle. The second end portion of the second
shaft is coupled to the adjustment mechanism. The adjustment mechanism is configured
such that moving the adjustment mechanism axially relative to the main portion results in

the second shaft moving axially relative to the first shaft.
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[0014] In another representative example, a delivery apparatus for implanting a prosthetic
heart valve comprises a first shaft and a handle. The first shaft has a first end portion and a
second end portion. The first end portion of the first shaft is configured to be releasably
coupled to a prosthetic heart valve. The handle comprises a main portion, a rotatable knob,
and a locking mechanism. The rotatable knob is rotatably coupled to the main portion and to
the second end portion of the first shaft. The locking mechanism is configured to restrict

relative rotational movement of the rotatable knob and the main portion.

[0015] In another representative example, a delivery apparatus for a prosthetic heart valve
comprises a handle having a cavity, a plurality of actuation assemblies comprising a
plurality of movable portions, a plate member disposed within the cavity, and a drive
assembly operatively coupled to the plate member. Each of the movable portions has a
proximal end portion disposed within the cavity and a distal end portion disposed outside of
the cavity. The plate member is axially movable relative to the handle. The plate member
has a first state in which the plate member moves freely relative to the movable portions and
a second state in which the plate member engages the movable portions such that further
axial movement of the plate member results in axial displacement of the movable portions.

The drive assembly is operable to move the plate member axially relative to the handle.

[0016] In another representative example, a delivery assembly comprises the preceding
delivery apparatus and a mechanically-expandable prosthetic heart valve comprising a
plurality of actuators. The movable portions of the actuation assemblies are releasably

coupled to the plurality of actuators.

[0017] In another representative example, a method comprises inserting a distal end of the
preceding delivery assembly into a vasculature of a patient; advancing the distal end of the
delivery assembly through the vasculature of the patient to position the prosthetic heart valve
at a select implantation location; disengaging the movable portions of the actuation
assemblies from the actuators of the prosthetic heart valve; axially moving the plate member
relative to the handle to engage the movable portions of the actuation assemblies; and
pulling the plate member and the movable portions of the actuation assemblies to retract the

movable portions of the actuation assemblies from the prosthetic heart valve.

[0018] In another representative example, a delivery apparatus for a prosthetic heart valve
comprises a handle, an actuation assembly, a drive assembly, a first sensor member, and a

second sensor member. The handle has a proximal end, a distal end, and a cavity extending
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from the proximal end to the distal end. The actuation assembly comprises an actuation
member and a sleeve member. The actuation member has a proximal end portion disposed
within the cavity and a distal end portion disposed outside of the cavity. The sleeve member
is disposed around the distal end portion of the actuation member. The first sensor member
is coupled to the actuation member and rotatable with the actuation member. The second
sensor member is positioned to detect changes in a rotational position of the first sensor

member.

[0019] In another representative example, a delivery apparatus for a prosthetic heart valve
comprises a handle, an actuation assembly, a drive assembly, an electrical circuit, and a
current sensor. The handle has a proximal end, a distal end, and a cavity extending from the
proximal end to the distal end. The actuation assembly comprises an electrically conductive
actuation member and a sleeve member. The electrically conductive actuation member has a
proximal end portion disposed within the cavity and a distal end portion disposed outside of
the cavity. The sleeve member is disposed around the distal end portion of the electrically
conductive actuation member. The drive assembly is coupled to the actuation members and
the handle and operable to rotate the actuation members from within the cavity. The
electrical circuit has an electrical path comprising the handle and the electrically conductive
actuation member, wherein the electrical circuit has an open state corresponding to the
electrically conductive actuation member being engaged with the prosthetic heart valve and
a closed state corresponding to the electrically conductive actuation member being
disengaged from the prosthetic heart valve. The current sensor is coupled to the electrical

circuit to detect an electrical state of the electrical circuit.

[0020] In another representative example, a delivery apparatus for a prosthetic heart valve
comprises a handle, a first shaft, a second shaft, and a knob. The handle comprises a
proximal portion, a distal portion, and a longitudinal axis. The proximal portion and the
distal portion are telescopically movable relative to each other along the longitudinal axis.
The first shaft is coupled to the distal portion and has a first lumen. The second shaft
extends through the first lumen and is coupled to the distal portion such that relative
movement between the proximal portion and the distal portion results in axial movement of
both the first shaft and the second shaft. The knob is coupled to the first shaft, and rotation
of the knob moves the first shaft axially relative to the handle and independently of the

second shaft.
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[0021] In another representative example, a delivery apparatus for a prosthetic heart valve
comprises a handle, a first movable component, a second movable component, a first shaft, a
second shaft, and a knob. The handle comprises an inner track. The first movable
component is positioned along the inner track and axially movable along the inner track.

The first shaft has a proximal end and a distal end. The second movable component is
positioned along the inner track and axially movable along the inner track. The second shaft
has a proximal end and a distal end. The proximal end of the first shaft is coupled to the first
movable component, and the proximal end of the second shaft is coupled to the second
movable component. The knob is coupled to the first movable component and rotatable to
move the first movable component along the inner track. The first movable component is
axially movable along the inner track between a first position in which the first movable
component is axially separated from the second movable component and movement of the
first movable component along the inner track results only in movement of the first shaft and
a second position in which the first component engages the second movable component and
movement of the first movable component results in movement of both the first shaft and the

second shaft.

[0022] In another representative example, a delivery apparatus for a prosthetic heart valve
comprises a handle, a first shaft, a second shaft, a third shaft, and a sliding mechanism. The
first shaft has first end portion, a second end portion, and a first lumen extending from the
first end portion to the second end portion. The first end portion of the first shaft is coupled
to the handle. The second shaft has a first end portion, a second end portion, and one or
more second lumens. The second shaft extends through the first shaft. The third shaft
extends through one of the one or more second lumens. The slider mechanism is coupled to
the handle and the third shaft and operable to displace the third shaft axially relative to the
handle.

[0023] In another representative example, a delivery apparatus for a prosthetic heart valve
comprises a handle having a first portion and a second portion that is rotatable relative to the
first portion. A receptacle is formed within the second portion and rotatable with the second
portion of the handle. The delivery apparatus further includes a shaft having a first end
portion, a second end portion, and one or more lumens. A plurality of actuation members
extend through the one or more lumens of the shaft. The actuation members are rotatable by

rotation of the receptacle.
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[0024] In another representative example, a delivery apparatus for a prosthetic heart valve
comprises a handle, a slidable knob, a multi-lumen shaft, and a first shaft. The handle has a
proximal portion, a distal portion, and a cavity extending from the proximal portion to the
distal portion. The proximal portion includes a slot. The slidable knob is slidably engaged
with the slot. The multi-lumen shaft has a proximal end portion, a distal end portion, and a
plurality of first lumens. The proximal end portion of the multi-lumen shaft is disposed
within the cavity. The first shaft extends through one of the first lumens. The first shaft has
a proximal end portion and a distal end portion. The proximal end portion of the first shaft
is coupled to the slidable knob. Movement of the slidable knob along the slot results in axial

displacement of the first shaft relative to the handle.

[0025] In another representative example, a delivery apparatus for a prosthetic heart valve
comprises a handle, a multi-lumen shaft, a plurality of actuation members, a recompression
member, and a pull force mechanism. The handle has a proximal portion, a distal portion,
and a cavity extending from the proximal portion to the distal portion. The multi-lumen
shaft has a proximal end portion, a distal end portion, and a plurality of first lumens. The
proximal end portion of the multi-lumen shaft is disposed within the cavity. The plurality of
actuation members extend through one or more of the first lumens. Each of the actuation
members has a distal threaded head, a proximal actuation flexible portion, and an actuation
torque-transferring portion extending between the distal threaded head and the proximal
actuation flexible portion. The recompression member extends through one of the first
lumens. The pull force mechanism is disposed at least partially within the cavity. The pull
force mechanism is coupled to the proximal actuation flexible portions and the
recompression member. The pull force mechanism is operable to apply a pull force to the
proximal actuation flexible portions in a first mode and apply the pull force to the

recompression member in a second mode.

[0026] The various innovations of this disclosure can be used in combination or
separately. This summary is provided to introduce a selection of concepts in a simplified
form that are further described below in the detailed description. This summary is not
intended to identify key features or essential features of the claimed subject matter, nor is it
intended to be used to limit the scope of the claimed subject matter. The foregoing and other
objects, features, and advantages of the disclosure will become more apparent from the

following detailed description, claims, and accompanying figures.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0027] FIG. 1 is a perspective view of an exemplary delivery assembly including a

delivery apparatus coupled to a prosthetic heart valve.
[0028] FIG. 2 is a perspective view of an exemplary prosthetic heart valve.

[0029] FIG. 3Ais a perspective view of a frame of the prosthetic heart valve with the

frame shown in a radially expanded configuration.

[0030] FIG. 3B is a perspective view of the frame of the prosthetic heart valve with the

frame shown in a radially compressed configuration.

[0031] FIG. 4A is a detail of the prosthetic heart valve shown in FIG. 2 and illustrates an

example of a locker/actuator of the prosthetic heart valve.
[0032] FIG. 4B is a cross-sectional view of the locker/actuator shown in FIG. 4A.
[0033] FIG. 5A is a side view of an example implementation of the delivery apparatus.

[0034] FIG. 5B is a cross-sectional view of the delivery apparatus of FIG. 5A, taken along
line 5B-5B as shown in FIG. 5A.

[0035] FIG. 5C is a side view of an example implementation of an actuation assembly of

the delivery apparatus.

[0036] FIG. 5D is a cross-sectional view of a distal portion of the delivery apparatus

shown in FIG. 5A and illustrates a nosecone attached to a nosecone shaft.

[0037] FIGS. 6A and 6B illustrate engagement and release, respectively, of an actuation

assembly of the delivery apparatus from a locker/actuator of the prosthetic heart valve.

[0038] FIG. 7A is a side view of a distal portion of the delivery assembly and illustrates a
recompression member looped around the prosthetic heart valve with the prosthetic heart

valve in a radially expanded configuration.

[0039] FIG. 7B is a side view of the distal portion of the delivery assembly shown in FIG.

7A after compressing the prosthetic heart valve with the recompression member.

[0040] FIG. 8A is a side view of a distal portion of the delivery assembly with the

prosthetic heart valve enclosed within an exemplary distal capsule of the delivery apparatus.
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[0041] FIG. 8B is a side view of a distal portion of the delivery assembly with the
prosthetic heart valve enclosed within another exemplary distal capsule of the delivery

apparatus.

[0042] FIG. 8C illustrates an axial position of the prosthetic heart valve relative to a
nosecone after retracting an outer shaft of the delivery apparatus to remove the distal capsule

shown in FIG. 8B from the prosthetic heart valve.

[0043] FIG. 8D illustrates the axial position of the prosthetic heart valve relative to the
nosecone after further retracting the outer shaft to expose the actuation assemblies of the

delivery apparatus.

[0044] FIG. 9A is a side view of an example implementation of the delivery apparatus

with an additional shaft between an outer shaft and a multi-lumen shaft.

[0045] FIG. 9B is a side view of a distal portion of the delivery assembly including the
delivery apparatus shown in FIG. 9A with the outer shaft and the additional shaft in their

respective extended states.

[0046] FIG. 9C illustrates the positions of the outer shaft and additional shaft of FIG. 9B

after a first stage of shaft retraction.

[0047] FIGS. 10A-10D illustrate stages in delivery of a prosthetic heart valve to an

implantation location.

[0048] FIG. 11 is an elevation view of an example implementation of a handle of the

delivery apparatus.

[0049] FIG. 12A is a cross-sectional view of the handle shown in FIG. 11, taken along
line 12A-12A as depicted in FIG. 11.

[0050] FIG. 12B is an enlarged view of a distal portion of the handle shown in FIG. 12A.

[0051] FIG. 13 is an elevation view of the handle of FIG. 11 with some components

removed to expose a portion of a shaft displacement mechanism.

[0052] FIG. 14A is a cross-sectional view of a portion of the handle shown in FIG. 11
illustrating a guide head with a fitting for a flushing port.

[0053] FIG. 14B is a cross-sectional view of a portion of the handle shown in FIG. 11

illustrating a flushing port extending through the handle.
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[0054] FIG. 14C illustrates an alternative implementation of a flushing path within the
handle.

[0055] FIG. 15A is a cross-sectional view of a portion of the handle shown in FIG. 11.

[0056] FIGS. 15B and 15C are details of a portion of the handle shown in FIG. 11

illustrating structures extending proximally from a multi-lumen shaft.

[0057] FIG. 15D is a perspective view of the handle shown in FIG. 11 with some
components removed to illustrate actuation and recompression members extending

proximally within the handle.

[0058] FIG. 16A is an elevation view of an example implementation of an actuation

assembly of the delivery apparatus.
[0059] FIG. 16B is a detail view of the region 16B depicted in FIG. 15A.

[0060] FIG. 17 is a perspective view of the handle of FIG. 11 with some components

removed to illustrate a valve expansion and recompression mechanism.

[0061] FIG. 18 is a perspective view of the handle of FIG. 11 with some components

removed to further illustrate the valve expansion and recompression mechanism.

[0062] FIG. 19 is a simplified schematic of the valve expansion and recompression

mechanism shown in FIGS. 17 and 18.

[0063] FIG. 20A is a perspective view of an example implementation of a tensioning

assembly included in the valve expansion and recompression mechanism.

[0064] FIG. 20B is a perspective view of another example implementation of a tensioning

assembly included in the valve expansion and recompression mechanism.

[0065] FIGS. 21A-21B illustrate an example implementation of a force limiting

mechanism.

[0066] FIG. 21C illustrates the force limiting mechanism of FIGS. 21A-21B with an

adjustable biasing assembly.

[0067] FIGS. 22A-22C is a detail of a portion of the handle including a force limiting
mechanism according to FIGS. 21A-21C.

[0068] FIGS. 23A-24C illustrate another example implementation of a force limiting

mechanism for the handle.

-10-
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[0069] FIG. 25A is a detail of a handle illustrating an example implementation of a valve

expansion limiting mechanism.

[0070] FIG. 25B is a perspective view of a knob coupled to the valve expansion limiting

mechanism of FIG. 25A.

[0071] FIG. 25C is a perspective view of a component of a clicking sound mechanism

coupled to the knob of FIG. 25B.

[0072] FIGS. 26A-26C illustrate another implementation of a valve expansion limiting

mechanism for the handle.

[0073] FIGS. 27A-28C are portions of a handle illustrating a status indicator mechanism.
[0074] FIG. 29A is a detail of a handle illustrating coupling of a knob to a gear train.
[0075] FIG. 29B is a detail of the gear train shown in FIG. 29A.

[0076] FIGS. 30A and 30B are details of a handle illustrating a ratcheting mechanism

configured to limit the rotation of a knob to one direction.

[0077] FIG. 31A illustrates a portion of a delivery apparatus with a mechanism for pulling

actuation members, according to one example.

[0078] FIG. 31B is a cross-sectional view of the portion of the delivery apparatus shown

in FIG. 31A.

[0079] FIG. 32 is a simplified schematic view of the portion of the delivery apparatus
shown in FIGS. 31A and 31B.

[0080] FIG. 33A is a cross-sectional view of the portion of the delivery apparatus shown
in FIG. 31A, taken along line 33A-33A.

[0081] FIG. 33B is an enlarged view of the region 33B of FIG. 31B.

[0082] FIG. 34A is a perspective view of a portion of a delivery apparatus with a

mechanism for pulling actuation members, according to another example.

[0083] FIG. 34B is a cross-sectional view of the portion of the delivery apparatus
illustrated in FIG. 34A.

[0084] FIG. 34C is a cross-sectional view of the portion of the delivery apparatus
illustrated in FIG. 34B taken along line 34C-34C.

[0085] FIG. 34D is an enlarged view of the region 34D of FIG. 34B.

-11 -
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[0086] FIG. 35A illustrates a portion of a delivery apparatus with proximal actuation
member pull mechanism and a proximal actuation member release mechanism.

[0087] FIG. 35B is an end view of the release mechanism.

[0088] FIG. 36A is a cross-sectional view of a portion of a delivery apparatus including a

displacement control mechanism.

[0089] FIG. 36B is an end view of a gear assembly of the displacement control
mechanism of FIG. 36A.

[0090] FIG. 36C is an enlarged view of the region 36C in FIG. 36A.

[0091] FIG. 36D illustrates the portion of the delivery apparatus of FIG. 36 A with a

release mechanism.

[0092] FIG. 36E is a bottom view of the portion of the delivery apparatus shown in FIG.
36D.

[0093] FIG. 37A is a side view of a twisted multi-lumen shaft.

[0094] FIG. 37B is a cross-sectional view of the twisted multi-lumen shaft, taken along

line 37B-37B as shown in FIG. 37A.

[0095] FIG. 37B is a cross-sectional view of the twisted multi-lumen shaft, taken along

line 37C-37C as shown in FIG. 37A.
[0096] FIG. 38A is a perspective view of a handle, according to another implementation.

[0097] FIG. 38B is a detail of the handle of FIG. 38A illustrating a valve rotation

mechanism.

[0098] FIG. 38C is a side view of a distal end portion of a delivery apparatus illustrating

rotation of a valve by the valve rotation mechanism of FIG. 38B.

[0099] FIGS. 38D and 38E illustrate rotational positions of lockers/actuators of the valve
of FIG. 38C before and after rotation.

[0100] FIGS. 38F and 38G illustrate a clicking sound mechanism.

[0101] FIG. 39A is a cross-sectional view of an assembly including a mechanism

configured to control release of actuation members from respective lockers/actuators.

[0102] FIG. 39B is a cross-section of the assembly shown in FIG. 39A, taken along line
39B-39B as shown in FIG. 39A.

-12-
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[0103] FIG. 39C is a plan view of a pull plate of the assembly shown in FIG. 39A.

[0104] FIG. 40A illustrates an electrical mechanism configured to detect release of an

actuation member from a respective locker/actuator.

[0105] FIG. 40B shows the actuation member of FIG. 40A release from the

locker/actuator.

[0106] FIG. 41A illustrates an electric rotation-counting mechanism configured to detect

release of an actuation member from a respective locker/actuator.

[0107] FIG. 41B is a cross-section of an actuation assembly, taken along line 41B-41B as
shown in FIG. 41A.

[0108] FIG. 42 illustrates a magnetic rotation-counting mechanism configured to detect

release of an actuation member from a respective locker/actuator.

[0109] FIG. 43 illustrates an optic rotation-counting mechanism configured to detect

release of an actuation member from a respective locker/actuator.

[0110] FIG. 44 is a detail view of the handle of FIG. 11 illustrating a mechanism for

displacing a nosecone shaft of the delivery apparatus.

[0111] FIGS. 45A-45C illustrate use of the nosecone shaft displacement to facilitate

repositioning of a prosthetic heart valve in an implantation procedure.

[0112] FIGS. 46A-46E illustrate use of the nosecone shaft displacement to reduce the risk

of valve migration in an implantation procedure.

[0113] FIGS. 47A-47C are perspective views of a handle of the delivery apparatus,

according to another implementation.

[0114] FIG. 48 is a perspective view of a handle of the delivery apparatus, according to

another implementation.
[0115] FIGS. 49A-49D illustrate a two-staged shaft retraction mechanism.

DETAILED DESCRIPTION

[0116] General Considerations

[0117] For purposes of this description, certain aspects, advantages, and novel features of
the examples of this disclosure are described herein. The disclosed methods, apparatus, and

systems should not be construed as being limiting in any way. Instead, the present disclosure

- 13-
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is directed toward all novel and nonobvious features and aspects of the various disclosed
examples, alone and in various combinations and sub-combinations with one another. The
methods, apparatus, and systems are not limited to any specific aspect or feature or
combination thereof, nor do the disclosed examples require that any one or more specific

advantages be present or problems be solved.

[0118] Although the operations of some of the disclosed examples are described in a
particular, sequential order for convenient presentation, this manner of description
encompasses rearrangement, unless a particular ordering is required by specific language set
forth below. For example, operations described sequentially may in some cases be
rearranged or performed concurrently. Moreover, for the sake of simplicity, the attached
figures may not show the various ways in which the disclosed methods can be used in
conjunction with other methods. Additionally, the description sometimes uses terms like
“provide” or “achieve” to describe the disclosed methods. These terms are high-level
abstractions of the actual operations that are performed. The actual operations that
correspond to these terms may vary depending on the particular implementation and are

readily discernible by one of ordinary skill in the art.

[0119] In the interest of conciseness, and for the sake of continuity in the description,
same or similar reference characters may be used for same or similar elements in different
figures, and description of an element in one figure will be deemed to carry over when the
element appears in other figures with the same or similar reference character. In some cases,
the term “corresponding to” may be used to describe correspondence between elements of
different figures. In an example usage, when an element in a first figure is described as
corresponding to another element in a second figure, the element in the first figure is deemed
to have the characteristics of the other element in the second figure, and vice versa, unless

stated otherwise.

[0120] The word “comprise” and derivatives thereof, such as “comprises” and
“comprising”, are to be construed in an open, inclusive sense, that is, as “including, but not
limited to”. The singular forms “a”, “an”, “at least one”, and “the” include plural referents,
unless the context dictates otherwise. The term “and/or”, when used between the last two
elements of a list of elements, means any one or more of the listed elements. The term “or”

is generally employed in its broadest sense, that is, as meaning “and/or”, unless the context

clearly dictates otherwise.

- 14 -



WO 2021/188476 PCT/US2021/022467

[0121]  As used herein, the term “proximal” refers to a position, direction, or portion of a
device that is closer to the user and further away from the implantation site. As used herein,
the term “distal” refers to a position, direction, or portion of a device that is further away
from the user and closer to the implantation site. Thus, for example, proximal motion of a
device is motion of the device away from the implantation site and toward the user (e.g., out
of the patient’s body), while distal motion of the device is motion of the device away from
the user and toward the implantation site (e.g., into the patient’s body). The terms
“longitudinal” and “axial” refer to an axis extending in the proximal and distal directions,

unless otherwise expressly defined.

[0122] Introduction to the Disclosed Technology

[0123] Described herein are prosthetic heart valves, delivery apparatus, and methods for
implanting prosthetic heart valves. The disclosed delivery apparatus and methods can, for

example, be used to implant a mechanically-expandable prosthetic heart valve.

[0124] In some examples, a delivery apparatus can include a handle. The handle can be
configured for manipulating the delivery apparatus and/or a prosthetic heart valve that is
releasably coupled to the delivery apparatus. In certain examples, the handle can include
one or more knobs and/or actuators. For example, in particular examples, the handle can
comprise three rotatable knobs. A first (e.g., a distal) knob can be configured for bi-
directional axial translation of an outer shaft with a distal capsule. A second (e.g., a
proximal) knob can be configured for both expansion and contraction of the valve. In some
instances, the second knob can simultaneously operate two rails around which an actuation
member and a recompression member may be simultaneously wrapped in opposite
directions. A third (e.g., an intermediate) knob can be coupled to a gear rain that enables
actuation members to be simultaneously rotated around their central axes. In some
examples, a slidable knob can also be provided that enables bi-directional axial translation of

a nosecone at a distal end of the delivery apparatus.

[0125] The handle may further include one or more additional components. For example,
the handle can include tensioning assemblies configured to apply a minimal tension on an
actuation member and a recompression member. This can prevent or reduce slack formation
within the handle. As another example, the handle can include an equal force distribution
mechanism configured to apply an equal pull force to each of the plurality of the actuation

members. As another example, the handle can include a force limiting mechanism
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configured to limit the amount of force that can be applied to expand or compress the

prosthetic heart valve.

[0126] As another example, the handle can include a ratcheting mechanism configured to
reduce the likelihood of unintentional over-tightening the threaded heads of the actuation

members within the respective rack members of a prosthetic heart valve.

[0127] In some instances, one or more of the knobs of the handle can be rotated manually.
Additionally or alternatively, one or more actuators (e.g., buttons, switches, circuitry, and/or
software) can be used to actuate one or more automated mechanisms (e.g., an electric motor)
to move and/or assist in moving the components of the handle, the delivery apparatus, and/or

a prosthetic heart valve coupled to the delivery apparatus.

[0128] FIG. 1 illustrates an exemplary delivery assembly 10 including a delivery
apparatus 12 and a prosthetic valve 60. For clarity of illustration, FIG. 1 does not show all
the details of the prosthetic valve 60, but the details of an exemplary prosthetic valve 60 can
be found in FIG. 2. The delivery apparatus 12 includes a handle 100 and a shaft assembly
11 coupled to the handle 100. The prosthetic valve 60 can be coupled to one of the shafts of
the shaft assembly 11 and carried to an implantation location within the patient’s body by
advancing the shaft assembly 11 through the patient’s vasculature. The handle 100 include

controls and mechanisms to deploy the prosthetic valve 60 at the implantation location.

[0129] The prosthetic valve 60 can be configured to replace a native heart valve (e.g.,
aortic, mitral, pulmonary, and/or tricuspid valves). The prosthetic valve 60 can be a
mechanically-expandable prosthetic heart valve, which can allow the prosthetic heart valve
to be compressed for delivery through the patient’s vasculature and then expanded at the
implantation location. Examples of mechanically-expandable prosthetic heart valves are
disclosed in U.S. Publication Nos. 2018/0153689, 2018/0344456, and 2019/0060057, U.S.
Provisional Application No. 62/869,948, U.S. Publication Nos. 2015/0135506 and
2014/0296962, and U.S. Provisional Application No. 62/945,039, the disclosures of which

are incorporated herein by reference.

[0130] FIG. 2 illustrates an exemplary prosthetic valve 60 that is mechanically expandable
and that can serve as a basis for describing operations of the delivery apparatus 12.
However, the delivery apparatus 12 is not limited to the example of the prosthetic valve 60
shown in FIG. 2. As illustrated by FIG. 2, the prosthetic valve 60 includes a frame 61 (or

stent), one or more lockers/actuators 62 coupled to the frame 61, and a valvular structure 63.
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The lockers/actuators 62 are configured to move the frame 61 between a radially expanded
configuration and a radially compressed configuration (or crimped state). In addition, the
lockers/actuators 62 can lock the frame 61 in a desired radially expanded configuration.
Three lockers/actuators 62 are shown in FIG. 2 for illustrative purposes. However, the
prosthetic valve 60 can have fewer or greater than three lockers/actuators 62 in other

examples.

[0131] The valvular structure 63 is mounted within and coupled to the frame 61 and
controls flow of blood through the frame 61 when the prosthetic valve 60 is implanted
within the patient’s anatomy. The valvular structure 63 includes leaflets 71 that cycle
between closed and open states during use of the valve. The leaflets 71 can be made of a
flexible material. For example, the leaflets 71 can be made in whole or in part from
biological material, bio-compatible synthetic materials, or other such materials. Suitable
biological material can include, for example, bovine pericardium (or pericardium from other
sources). The leaflets 71 can be arranged to form commissures 73, which can, for example,

be mounted to the lockers/actuators 62 or to the frame 61.

[0132] Referring to FIGS. 3A and 3B, the frame 61 includes an inflow end 65, an outflow
end 67, and a plurality of interconnected struts 69 arranged to form an annular shape. The
terms “inflow” and “outflow” are related to a normal flow direction through the valve. The
struts 69 may form a lattice-type pattern as shown or a different pattern in other cases. In
one example, the struts 69 are pivotably coupled to one another by hinges 75 (such as rivets
and the like). The struts 69 can pivot about the hinges 75 to move the frame 61 between a
radially expanded configuration (shown in FIG. 3A) and a radially compressed configuration
(shown in FIG. 3B). In alternative implementations, the frame 61 may have struts that are
coupled together by compliant joints. An exemplary mechanically-expandable frame with
compliant joints is disclosed in U.S. Provisional Application No. 63/138,599, which is

incorporated herein by reference.

[0133] In one implementation, the lockers/actuators 62 are mounted to and spaced
circumferentially around an inner surface of the frame 61. The lockers/actuators 62 and can
be operated to pivot the struts 69 about the respective hinges 75 and thereby cause radial
expansion or compression of the frame 61. The locking portions of the lockers/actuators 62
can allow the frame 61 to be held in a desired radial expansion configuration. In an

alternative example, the lockers/actuators 62 can be integrally formed with the frame 61.
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[0134] FIGS. 4A and 4B illustrate an exemplary locker/actuator 62. The actuation portion
of the locker/actuator 62 includes a rack member 68 and a housing member 64. The rack
member 68 extends into the housing member 64 and is axially movable relative to the
housing member 64. The rack member 68 is coupled to the frame 61 at a first location, such
as at a hinge 75 that is close to the inflow end 65. The housing member 64 is coupled to the
frame 61 at a second location, such as at a hinge 75 that is close to the outflow end 67. The
first and second locations are such that the rack member 68 and the housing member 64
extend in an axial direction of the frame. Relative movement between the rack member 68
and the housing member 64 in the axial direction causes the struts 69 to pivot about the
respective hinges 75, resulting in radial expansion or radial compression of the frame 61. As
an example, moving the rack member 68 in a direction towards the outflow end 67 (e.g., in
the proximal direction) radially expands the frame 61, and moving the rack member 68 in a
direction towards the inflow end 65 (e.g., in the distal direction) radially compresses the

frame 61.

[0135] The locker portion of the locker/actuator 62 includes ratcheting teeth 70 on the
rack member 68 and a spring-biased tooth or pawl 66 on the housing member 64. The pawl
66 engages the ratcheting teeth 70 to form a ratcheting-type mechanism that limits relative
movement between the rack member 68 and the housing member 64 to a specific direction.
In one example, the ratcheting-type mechanism formed by the pawl 66 and ratcheting teeth
70 may allow the rack member 68 to move relative to the housing member 64 in a direction
towards the outflow end 67 while preventing the rack member 68 from moving relative to
the housing member 64 in a direction towards the inflow end 65. The ratcheting-type

mechanism can be used to lock the frame/prosthetic heart valve in a desired expanded state.

[0136] Further details regarding lockers/actuators for prosthetic heart valves can be found

in U.S. Provisional Application No. 62/928,291, which is incorporated by reference herein.

[0137] Referring to FIGS. 5A and 5B, the handle 100 and the shaft assembly 11 extend
between a proximal end 13 and a distal end 15 of the delivery apparatus 12. The shaft
assembly 11 includes an outer shaft 14 having a lumen 17 and a multi-lumen shaft 22
extending through the lumen 17. The delivery apparatus 12 can include one or more
actuation assemblies 32 that can engage the lockers/actuators 62 (shown in FIGS. 4A and
4B) of the prosthetic valve 60 (shown in FIG. 2). Three actuation assemblies 32 are shown

for illustrative purposes. However, the delivery apparatus 12 can have any number of
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actuation assemblies 32 (e.g., between 1 and 18). The actuation assemblies 32 can be

operated by one or more controls and mechanisms of the handle 100.

[0138] The actuation assemblies 32 extend through lumens 23 of the multi-lumen shaft 22
and distally from the multi-lumen shaft 22. The lumens 23 can be angularly spaced apart
about a central axis of the multi-lumen shaft 22. Each actuation assembly 32 can include a
sleeve member 34 and an actuation member 40 (see FIG. 5C). In some cases, a proximal
end 33 of the sleeve member 34 can be coupled to the multi-lumen shaft 22 (e.g., by a sleeve
coupler), while the actuation member 40 extends through the respective lumen 23 of the
multi-lumen shaft 22 and through the respective sleeve member 34. A distal end portion of

the actuation member 40 is formed as a threaded head 44 (see FIG. 5C).

[0139] Asshownin FIG. 6A, each actuation assembly 32 can be connected to a respective
locker/actuator 62 of the prosthetic valve 60 by engaging the distal threaded head 44 of the
actuation member 40 with the threaded bore 72 of the rack member 68 of the locker/actuator
62 of the prosthetic valve 60. The distal threaded head 44 can be screwed into the threaded
bore 72 such that the distal end 36 of the sleeve member 34 abuts a proximal end 65 of the
housing member 64, which would allow distally-directed forces from the handle 100 of the

delivery apparatus to be applied to the housing member 64 through the sleeve member 34.

[0140] While the actuation member 40 is threadedly engaged with the rack member 68,
the handle 100 (shown in FIG. 5A) of the delivery apparatus can be operated to pull the
actuation member 40 in a proximally oriented direction d1, causing the rack member 68 to
move in the same direction. At the same time, distally-directed forces are applied to the
housing member 64 through the sleeve member 34 such that proximal movement of the
housing member 64 is prevented or restricted, resulting in relative axial movement between
the rack member 68 and the housing member 64. The relative axial movement between the
rack member 68 and the housing member 64 can be used to radially expand the prosthetic
valve 60. After expanding the prosthetic valve 60, the actuation assembly 32 can be released
from the locker/actuator 62 by rotating the actuation member 40 (e.g., in direction c1 as
shown in FIG. 6B) to disengage the distal threaded head 44 of the actuation member 40 from
the threaded bore 72 of the rack member 68.

[0141] Returning to FIGS. 5A and 5B, the shaft assembly 11 includes a nosecone shaft 56
that extends through a lumen 24 of the multi-lumen shaft 22 and distally from the multi-

lumen shaft 22. The lumen 24 can be radially centrally disposed within the multi-lumen

-19-



WO 2021/188476 PCT/US2021/022467

shaft 22. The nosecone shaft 56 defines a guidewire lumen 57 for receiving a guidewire. In
addition, the nosecone shaft 56 defines a loading/unloading area for the prosthetic valve 60

(shown in FIG. 1).

[0142] A nosecone 50 is attached to a distal end of the nosecone shaft 56. As shown in
FIG. 5D, the nosecone 50 has a central opening 51 for receiving a guidewire. The central
opening 51 in the nosecone 50 is aligned with the guidewire lumen 57 in the nosecone shaft
56. During an implantation procedure, a guidewire may be initially inserted in a patient’s
vasculature. A proximal end of the guidewire can be inserted into the central opening 51 of
the nosecone 50 such that the delivery apparatus 12 can be advanced through the patient’s
vasculature to an implantation location over the guidewire. As the delivery apparatus 12 is
advanced through the patient’s vasculature, the guidewire passes through the nosecone 50

into the nosecone shaft 56.

[0143] Referring to FIGS. 5A and 5B, the shaft assembly 11 can include a recompression
shaft 80 that extends through a lumen 25 of the multi-lumen shaft 22 and distally from the
multi-lumen shaft 22. In one example, the lumen 25 is disposed radially outward relative to
the centrally disposed lumen 24. A recompression member 82 extends through a lumen 81
of the recompression shaft 80, forming a loop 84 extending distally from the recompression
shaft 80. The recompression member 82 may be a wire, cable, suture, or other material that
can be formed into a loop. The recompression member 82 can be used to recompress the

prosthetic heart valve after an initial expansion of the prosthetic heart valve.

[0144] FIG. 7A shows the prosthetic valve 60 disposed around the nosecone shaft 56 and
in an expanded state. The loop 84 extends around the prosthetic valve 60 in a lasso-like
manner. The prosthetic valve 60 can be recompressed by pulling the recompression member
82 through the lumen of the recompression shaft 80 in a proximal direction, as indicated by
arrow 83, to apply tension to the loop 84, which would result in contraction of the prosthetic
valve 60, as shown in FIG. 7B. In another example, a loop 84 can extend around or between
the sleeves 40 of the actuation assemblies 32 and can be similarly tensioned to contract the
prosthetic valve 60, as explained further in U.S. Provisional Application No. 62/928,320,

which is incorporated herein by reference.

[0145] Returning to FIG. 5A, a distal capsule 16 is attached to the outer shaft 14. The
distal capsule 16 can be integrally formed with the outer shaft 14 or can be a separate

member that is attached to the outer shaft 14. The distal capsule 16 can be sized to
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accommodate the prosthetic heart valve when the prosthetic heart valve is in a compressed
configuration and disposed around the nosecone shaft 56. The handle 100 can be operated
to move the outer shaft 14 between an extended state to position the distal capsule 16 over
the prosthetic heart valve and a retracted state to remove the distal capsule 16 from the

prosthetic heart valve.

[0146] FIG. 8A shows the outer shaft 14 extended to position the distal capsule 16 over
the prosthetic valve 60. The distal capsule 16 can abut the nosecone 50 as shown such that
there are no gaps in the delivery apparatus when the prosthetic heart valve is encapsulated
therein. The outer shaft 14 acts as a cover for the structures extending between the proximal
end of the prosthetic valve 60 and the distal end of the multi-lumen shaft 22 (e.g., portions of
the actuation assemblies 32 and the recompression shaft 80, if present). The sleeve members
34 of the actuation assemblies 32 can press against the prosthetic valve 60 and provide a
retaining force to prevent proximal axial displacement of the prosthetic valve 60 when the

outer shaft 14 is retracted to remove the distal capsule 16 from the prosthetic valve 60.

[0147] In the example illustrated by FIG. 8A, the distal capsule 16 and the outer shaft 14
have the same diameter, which is selected to accommodate the prosthetic valve 60. As a
result, the outer shaft 14 can be larger than necessary around the structures extending
between the multi-lumen shaft 22 and the prosthetic valve 60. FIG. 8B shows an example
where the diameter of the distal capsule 16a is enlarged compared to the diameter of the
outer shaft 14. In the example illustrated by FIG. 8B, the outer shaft 14 is sized to closely
envelop the structures extending between the proximal end of the prosthetic valve 60 and the
distal end of the multi-lumen shaft 22, while the distal capsule 16a is sized to closely
envelop the prosthetic valve 60 in the compressed configuration. As in the previous
example, the sleeve members 34 of the actuation assemblies 32 can press against the

prosthetic valve 60.

[0148] The combination of the sizing of the outer shaft 14/distal capsule 16a as illustrated
by FIG. 8B and the retaining force of the sleeve members 34 can prevent undesirable axial
displacement of the prosthetic valve 60 during removal of the distal capsule 16a from the
prosthetic valve 60. FIGS. 8C and 8D show a distal portion of a delivery assembly based on
the principle illustrated in FIG. 8B. As shown, the prosthetic valve 60 retains its axial
position (which can be observed relative to the nosecone 50) after retracting the outer shaft

14 to remove the distal capsule 16a from the prosthetic valve 60.
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[0149]  FIG. 9A illustrates an alternative shaft assembly 11a. The main difference
between the shaft assembly 11a and the shaft assembly 11 illustrated in FIGS. 5A and 5B is
that the shaft assembly 11a includes an additional shaft 30 (or “commander shaft”) between
the outer shaft 14 and the multi-lumen shaft 22. A proximal portion of the commander shaft
30 can be disposed within the handle 100 in the same way that the proximal portions of the
outer shaft 14 and multi-lumen shaft 22 are disposed within the handle 100. The
commander shaft 30 has an extended state and a retracted state corresponding to the

extended and retracted states, respectively, of the outer shaft 14.

[0150] FIG. 9B shows the commander shaft 30 and the outer shaft 14 in the extended
states. In the extended state, the commander shaft 30 extends to the proximal end of the
prosthetic valve 60, covering structures extending between the distal end of the multi-lumen
shaft 22 and the proximal end of the prosthetic valve 60. The outer shaft 14 extends over the
commander shaft 30 to position the distal capsule 16 over the prosthetic valve 60. The
commander shaft 30 extending to the proximal end of the prosthetic valve 60 can restrain
axial movement of the prosthetic valve 60. When the outer shaft 14 is retracted to remove
the distal capsule 16 from the prosthetic valve 60, as shown in FIG. 9C, the commander
shaft 30 can remain extended to the proximal end of the prosthetic valve 60 so as to prevent
undesirable proximal displacement of the prosthetic valve 60 during removal of the distal
capsule 16. Once the distal capsule 16 is removed from the prosthetic valve 60, the outer
shaft 14 can be further retracted along with the commander shaft 30 to expose the structures
between the distal end of the multi-lumen shaft 22 and the proximal end of the prosthetic

valve 60.

[0151] FIGS. 10A-10D illustrate stages of a valve implantation procedure using the
delivery apparatus 12. As shown in FIG. 10A, the prosthetic valve 60 is encapsulated within
the distal capsule 16 (which can alternatively be the distal capsule 16a shown in FIG. 8B) of
the delivery apparatus 12 (see FIGS. 8A, 8B, and 9B). The distal end portion of the delivery
apparatus 12 is then inserted into a patient’s body and guided to an implantation location. At
the implantation location, the outer shaft 14 is retracted to remove the distal capsule 16 from
the prosthetic valve 60 and thereby expose the prosthetic valve 60, as shown in FIG. 10B.
The prosthetic valve 60 is radially expanded to the desired working diameter, as shown in

FIG. 10C.

[0152]  After the prosthetic valve 60 is secured to the native anatomy, the delivery

apparatus 12 is released from the prosthetic valve 60 (e.g., by disengaging the actuation
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assemblies 32 from the lockers/actuators 62 of the prosthetic valve 60), as shown in FIG.
10D. After the delivery apparatus 12 is released from the prosthetic valve 60, the delivery
apparatus 12 is prepared for withdrawal from the patient’s body (e.g., by extending the outer
shaft 14 to cover the actuation assemblies 32). Then, the delivery apparatus 12 is withdrawn

from the patient’s body.

[0153] The various functions of the delivery apparatus 12 are accessible through the
handle 100. For example, the handle 100 can include one or more mechanisms for executing
one or more of the following functions: retraction of the outer shaft 14 (or any other
additional relevant shaft) to expose the prosthetic valve 60; expansion of the prosthetic valve
60 via the actuation assemblies 32 (e.g., by pulling the actuation members 40 while retaining
the sleeve members 34 pressed against the valve); recompression of the prosthetic valve 60
via the recompression member 82 (e.g., by pulling the recompression member 82 to apply
tensioning force to the distal loop 84); release of the actuation members 40 from the
prosthetic valve 60 (e.g., by simultaneously rotating the plurality of actuation members 40 so
as to unscrew the actuation members from the corresponding lockers/actuators of the valve);
and/or additional handle mechanisms supplementary advantageous functionalities, which are

further described below.

[0154] In the description below, the prosthetic valve 60 is assumed to have three
lockers/actuators 62, and the delivery apparatus 12 is assumed to have three actuation
assemblies 32 to releasably engage the three lockers/actuators 62. However, the
mechanisms described in this disclosure can be adapted to support any number of actuation

assemblies and lockers/actuators.

[0155] Referring to FIG. 11, an exemplary handle 100 includes a distal end 102, a
proximal end 104, and a longitudinal axis 101 extending from the distal end 102 to the
proximal end 104 and defining an axial direction of the handle. The handle 100 includes a
proximal portion 112 and a distal portion 110, which are coupled together to define a cavity
107 (shown in FIG. 12A) extending from the distal end 102 to the proximal end 104. A

proximal end portion of the shaft assembly 11 extends into the cavity 107.

[0156] In the implementation illustrated by FIG. 11, the handle 100 includes a rotatable
knob 120, a rotatable knob 122, and a rotatable knob 124. The rotatable knob 120 can be
located at the distal end 102 of the handle, the rotatable knob 122 can be located at the

proximal end 104 of the handle, and the rotatable knob 124 can be located at an intermediate
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location between the rotatable knob 120 and the rotatable knob 122. The handle 100 can
have additional knobs, such as a slidable knob 136 and a safety knob 130. A clinician can
engage the knobs to perform one or more operations of the delivery apparatus. Surface
features or texture can be formed on the knobs to aid in manual grasping and adjustment of

the knobs.

[0157] In one example, the rotatable knob 120 operates a first mechanism that can axially
displace the outer shaft 14 relative to the handle. In one example, the rotatable knob 122
operates a second mechanism that can expand and recompress the prosthetic heart valve. In
one example, the rotatable knob 124 operates a third mechanism that can release the
actuation members 40 from the prosthetic heart valve. In one example, the safety knob 130,
when engaged with the rotatable knob 124, can prevent unintentional release of the actuation
members 40 from the prosthetic heart valve. In one example, the slidable knob 136 operates
a fourth mechanism that can displace the nosecone shaft 56 (shown in FIG. 1) relative to the

handle.

[0158] In other implementations, the handle 100 can include a fourth rotatable knob
(FIGS. 47A-48 show handle implementations with a fourth rotatable knob 126a, 126b) that
operates a steering mechanism. For example, the steering mechanism can include at least
one pull wire that is attached at its distal end to the outer shaft 14 (or other shaft of the shaft
assembly) such that rotation of the fourth knob can vary the tension of the pull wire, which
can be effective to vary the curvature of the outer shaft 14 (or of the shaft assembly). The
steering mechanism can be omitted if the shaft assembly is sufficiently flexible to navigate

the curvatures of the patient’s vasculature.

[0159] Referring to FIGS. 12A, 12B, and 13, a first mechanism 1000 (i.e., a shaft
displacement mechanism) that can be controlled by the rotatable knob 120 to displace the
outer shaft 14 relative to the handle 100 includes a lead member 142, an axial guide 162, and
a nut 148 (or carriage). The lead member 142 is received in a portion of the cavity 107
within the distal portion 110. A distal end portion of the lead member 142 protrudes from a
distal end of the distal portion 110. In one example, the rotatable knob 120 is attached to or
integrally formed with the protruding distal end portion of the lead member 142 such that

rotation of the rotatable knob 120 results in rotation of the lead member 142.

[0160] The lead member 142 includes a lead bore 144 with a lead internal thread 146. An
axial guide 162 is disposed within the lead bore 144 and is coaxial with the lead bore 144.
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The axial guide 162 is axially and rotationally fixed relative to the distal portion 110, which
means that the axial guide 162 does not rotate when the lead member 142 is rotated. The
axial guide 162 includes a guide central bore 164, which can have a substantially tubular
profile, and two guide slots 166 (see FIG. 13) extending radially outward from the guide
central bore 164 toward lead internal thread 146 in opposite directions. The guide central

bore 164 and guide slots 166 extend axially along the length of the axial guide 162.

[0161] As shown more clearly in FIG. 12B, the nut 148 is disposed within the axial guide
162. The nut 148 has a nut central portion 154 and two nut radial projections 150 extending
radially outward from the nut central portion 154 in opposite directions and toward the lead
internal thread 146. The nut central portion 154 can be formed and dimensioned to be
situated within the guide central bore 164, while the axial guide slots 166 can be

dimensioned to accommodate the respective nut radial projections 150.

[0162] The outer surfaces of each nut radial projection 150 comprises a nut outer thread
152 (see FIG. 13) that engages the lead internal thread 146 through the axial guide slots 166
(see FIG. 13). Thus, rotation of the lead member 142 by the rotatable knob 120 results in
translation of the nut 148 along the axial guide 162. The axial guide 162 ensures that the
translation of the nut 148 will occur only along the axial direction of the handle, preventing

rotational movement of the nut 148.

[0163] The nut central portion 154 has a nut bore 156 extending therethrough. The nut
bore 156 has a nut distal bore portion 158 having a first diameter and a nut proximal bore
portion 159 having a second diameter that is smaller than the first diameter. A shoulder or
step 157 is formed in the transition between the nut distal bore portion 158 and the nut
proximal bore portion 159. A proximal end portion 18 of the outer shaft 14 extends into the

nut distal bore portion 158 and abuts the shoulder 157.

[0164] The proximal end portion 18 of the outer shaft 14 can be rigidly coupled to the nut
148, for example, by attaching the proximal end portion 18 to the nut distal portion 158
and/or shoulder 157 using any suitable method, such as gluing, welding, clamping, threads,
and the like. The rigid connection between the proximal end portion 18 and the nut 148 will

allow the outer shaft 14 to move axially as the nut 148 moves axially in response to rotation

of the rotatable knob 120 and the lead member 142.

[0165] The length of the lead bore 144, the length of the axial guide 162, and/or the length

of the nut 148 can be selected to provide the desired axial translation range of the outer shaft
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14. The number and spacing of the threads in the lead internal thread 146 and the mating
threads in the nut outer threads 152 can be selected to provide the desired proportion
between the amount of rotatable knob 120 rotations and the extent of axial translation of the
outer shaft 14. In some cases, the nut 148 can have a nut distal extension 160 that allows the
length of the nut distal bore portion 158 to be extended without adjusting the axial length of
the nut radial projections 150. The longer nut bore 156 may improve engagement between

the nut 148 and the proximal end portion 18 of the outer shaft 14.

[0166] The rotatable knob 120 is configured to operate the first mechanism 1000 to
axially displace the outer shaft 14. For example, rotation of the rotatable knob 120 in a first
direction can advance the outer shaft 14 distally, and rotation of the rotatable knob 120 in a
second direction that is opposite to the first direction can retract the outer shaft 14

proximally.

[0167] Prior to inserting the distal end portion of the delivery apparatus 12 into the
patient’s body, the distally oriented movement of the outer shaft 14 can be used to position
the distal capsule 16, 16a of the delivery apparatus 12 over the prosthetic valve 60 (see FIG.
10A). At the implantation location, the proximally oriented movement of the outer shaft 14
can be used to expose the prosthetic valve 60 (see FIG. 10B). After the actuation members
40 are released from the prosthetic valve 60 (see FIG. 10C), the distally oriented movement
of the outer shaft 14 can be used to place the outer shaft 14 in close proximity to the
nosecone 50, which would ensure that the delivery apparatus 12 can be easily retrieved
without encountering resistance that may otherwise arise between the patient’s anatomy and

the exposed borders of the nosecone 50.

[0168] The first mechanism 1000 can include a guide head 168 disposed adjacent to a
proximal end of the axial guide 162. In one example, the guide head 168 is rotationally and
axially fixed relative to the distal portion 110. In some cases, the guide head 168 can be
integrally formed with a proximal end of the axial guide 162, in which case the guide head
68 can be alternatively referred to as a guide proximal body portion 168. As shown more
clearly in FIG. 14A, the guide head 168 has a central bore 169, which is aligned with the
central bore 164 of the axial guide 162. A shoulder 170 can be formed between a distal

portion 169a and a proximal portion 169b of the central bore 169.

[0169] As shown in FIGS. 12A and 12B, the multi-lumen shaft 22 extends through the
outer shaft 14 into the guide central bore 164 of the axial guide 162. As shown in FIG. 14A,
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the multi-lumen shaft 22 further extends into the distal portion 169a of the central bore 169
of the guide head 168. In one example, the proximal end of the multi-lumen shaft 22
includes a flange 28 with openings that match the lumens 23, 24, 25 (see FIG. 5B) of the
multi-lumen shaft 22. The actuation members 40, the nosecone shaft 56, and the
recompression member 82 can extend through the respective openings in the flange 28 into
the cavity 107 of the handle. In one example, the flange 128 can be attached to the proximal
shoulder 170 of the guide head 68 such that the multi-lumen shaft 22 is rotationally and

axially fixed relative to the guide head 168.

[0170] As shown in FIG. 14 A, the guide head 168 can further include an opening 171 that
is fluidly connected to the proximal portion 169b of the central bore 169. A fitting 176 is
installed in the opening 171. A flushing port 180 can be connected to the fitting 176 (as
shown in FIG. 14B). The flushing port 180 can be a flexible tube with an internal conduit.
The flushing port 180 can extend along the cavity 107 and through an opening in the distal
portion 110 to the outside of the handle 100 (as shown in FIG. 11). A connector 178, such
as a Luer connector of a stopcock, can be provided on the end of the flushing port 180 that is
disposed outside the handle 100 (as shown in FIG. 11). Fluid can be supplied into the
proximal portion 169b of the central bore 169 through the flushing port 180. The fluid can
enter the lumens of the multi-lumen shaft 22 through the openings in the flange 128, thereby

allowing flushing of the lumens of the multi-lumen shaft 22.

[0171] FIG. 14C shows another example where the guide head 168, formed integrally
with the proximal end of the axial guide 162, includes an opening 171a that is oriented
radially relative to the longitudinal axis of the handle. The opening 171a is aligned with a
similar opening in the distal portion 110. The flushing port 180 extends from the outside of

the handle into the opening 171a and can be used to flush lumens of shafts in the handle.

[0172] Referring to FIGS. 15A-15D, guide plates 173, 175 can be attached to a proximal
end of the guide head 168. The guide plates 173, 175 can have central openings for passage
of the actuation members 40, recompression member 82, and nosecone shaft 56 into the
cavity 107 of the handle. In one example, a spreader plate 172 can be positioned proximally
to the guide plate 175. In some cases, the spreader plate 172 can be fixedly coupled to the
guide plate 175 or otherwise fixed relative to the multi-lumen shaft 22. The spreader plate
172 includes apertures 174 to receive the actuation members 40 and the recompression
member 82. The spacing between the apertures 174 is larger compared to the spacing

between the lumens from which the actuation members 40 and recompression member 82
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emerge such that the actuation members 40 and recompression member 82 are spread out in

the proximal direction.

[0173] Referring to FIG. 16A, each actuation assembly 32 can further include an actuation
tube 364, which can be positioned within the cavity of the handle and proximal to the multi-
lumen shaft 22 (as shown in FIG. 15D, for example). The actuation member 40 extends
through a respective actuation tube 364. The actuation member 40 can include an actuation
torque-transferring portion 42 and an actuation flexible portion 46. The actuation torque-
transferring portion 42 extends from the distal threaded head 44 into the handle. The
actuation flexible portion 46 is disposed proximally to the actuation torque-transferring

portion 42 and is coupled to the actuation torque-transferring portion 42.

[0174] The actuation torque-transferring portion 42 can comprise a relatively rigid
material, formed as a torque-transferring wire, cable, and the like. The actuation flexible
portion 46 can be formed as a flexible string, wire, cable, and the like and configured to be
flexible enough to wrap around various components, such as pulleys or reels. The actuation
member 40 passes through the actuation tube 364 such that the actuation flexible portion 46
extends proximally from the actuation tube 364 for routing around pulleys and the like. In
some cases, the actuation torque-transferring portion 42 can be rigidly attached to the
actuation tube 364 such that both may move axially together within the handle. In some
cases, the actuation tubes 364 can comprise a distal portion 366 that is provided with an
enlarged diameter and which may include a coupler configured to couple the actuation

torque-transferring portion 42 to the actuation flexible portion 42.

[0175] Referring to FIG. 16B, a load cell 182, which is an example of a force sensor, can
be disposed between the guide head 168 and an internal radial extension of the handle.
When the prosthetic valve 60 is expanded, the resistive force of the sleeve members 34 that
is pressed against the housing members 64 of the lockers/actuators 62 is translated through
the multi-lumen shaft 22 and the flange 28 to a proximally oriented force 185 of the guide
head 168 and applied to the load cell. The axial force measured by the load cell 182 can be
used to calculate the radial force applied by the valve 60 against the surrounding native
anatomy (such as a native aortic annulus). The load cell 182 can be operatively coupled to
an external device via one or more wires or cable 184. Alternatively, or additionally, the

load cell may wirelessly transmit signals to an external device.
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[0176] FIGS. 17-19 illustrate various portions of a second mechanism 1100 (i.e., a valve
expansion and compression mechanism) that can be controlled by the rotatable knob 122 of
the handle. The second mechanism 1100 can be controlled to simultaneously pull all the
actuation members 40 of the actuation assemblies 32 and thereby expand the prosthetic heart
valve attached to the actuation members 40. In some examples, the second mechanism 1100
can be controlled to pull the recompression member 82 and thereby recompress the valve.

In some examples, the rotatable knob 122 can control both the expansion and the
recompression parts of the mechanism 1100. For example, rotation of the rotatable knob
122 in a first direction (which can be clockwise or counterclockwise) can result in expansion
of the prosthetic heart valve, and rotation of the rotatable knob 122 in a second direction that
is opposite to the first direction can result in compression of the valve. Movement of the
actuation members 40 and the recompression member 82 can be synchronized such that the

expansion and recompression parts of the mechanism do not interfere with each other.

[0177] In one implementation, the second mechanism 1100 can include a force balancing
assembly 250, tensioning assemblies 256 (identified separately as 256a, 256b), and a re-
routing pulley 246. The force balancing assembly 250 can balance the pull force applied to
the actuation members 40 (identified separately as 40a, 40b, 40c), thereby mitigating risk of
overloading any one of the lockers/actuators of the prosthetic valve. The tensioning
assemblies 256a, 256b can maintain a minimal tension in the actuation members 40 and

recompression member 82, respectively.

[0178] In one example, the force balancing assembly 250 can include a first balancing
pulley 252 and a second balancing pulley 254, each of which can freely rotate around its axis
within the assembly. The first and second actuation flexible portions 46a, 46b of the first
and actuation members 40a, 40b extend proximally (i.e., towards the proximal end of the
handle) from the respective actuation tubes 364a, 364b and are connected together to form a
single flexible portion that is routed around the first balancing pulley 252. The first
balancing pulley 252 can freely rotate around its axis to transfer tension between the
actuation flexible portions 46a, 46b. As a result, a difference in tension is not created

between the actuation flexible portions 46a, 46b.

[0179]  The third actuation flexible portion 46¢ of the third actuation member 40c extends
proximally from the actuation tube 364c and through the first tensioning assembly 256a. A
section 46¢-1 of the third actuation flexible portion 46¢ extends from the first tensioning

assembly 256a, in a proximal direction, to and around the re-routing pulley 246. The section
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46¢-2 of the third actuation flexible portion 46¢ extends from the re-routing pulley 246, in a
distal direction, into the force balancing assembly 250 and around the second balancing
pulley 254. The third section 46¢-3 extends again proximally from the second balancing

pulley 254.

[0180] The rotatable knob 122 can be rotated to apply a pull force to the section 46¢-3 of
the third actuation flexible portion 46¢, which would create tension in the third actuation
flexible portion 46¢. This tension is translated to an axial movement of the force balancing
assembly 250 as a whole, which in turn results in tension in both of the first and second
actuation flexible portions 46a, 46b, thus keeping an equal tension among all the actuation
flexible portions 46a, 46b, 46¢ at all times. In this manner, it suffices to apply a pull force to
a single actuation flexible portion, specifically, the third actuation flexible portion 46¢, to

simultaneously pull all three actuation members 40a, 40b, 40c along an equal distance.

[0181] Further details of the force balancing assembly, including examples of application
thereof in implementations having more than three actuation assemblies, can be found in

U.S. Provisional Application No. 62/945,039, which is incorporated herein by reference.

[0182]  The recompression member 82 can be released while the rotatable knob 122 is
rotated in one direction to pull the third actuation flexible portion 46¢, and the third
actuation flexible portion 46¢ can be released while the second knob is counterrotated to pull
the recompression member 82. Preferably, the third actuation flexible portion 46¢ and the
recompression member 82 are kept in a minimally tensioned state at all times, including
their released phases, to prevent formation of slacks within the handle since slacks formed
within the handle might result in synchronization imbalance between the third actuation
flexible portion 46¢ and the recompression member 82 during rotation of the rotatable knob
122 in either direction. The third actuation flexible portion 46¢ and the recompression
member 82 can be kept in a minimally tensioned state by the respective tensioning

assemblies 256a, 256b.

[0183] Referring to FIG. 20A, in one example, the tensioning assembly 256 (which can be
used as any of the tensioning assemblies 256a, 256b) includes a housing 257 and a tension
applying spring 258 attached to one end of the housing 257. The tensioning assembly 256
includes a spring slider 260 disposed within a spring slider slot 262 formed within the

housing 257. The spring slider 260 is axially movable within the spring slider slot 262.
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[0184] The spring slider 260 can be coupled at one end to the spring 258 and at another
end to a flexible string that needs to be tensioned (e.g., the actuation flexible portion 46¢ or
the recompression member 82). The actuation flexible portion 46¢ (or in a similar manner
the recompression member 82) can be attached to, or extend through, an eyelet of the spring
slider 260. The spring slider 260 can include a ping 264 extending through, and coupled to,
the free end of the spring 258. In one example, the spring 258 can be a constant force

spring.

[0185] In use, when a pull force is applied to the actuation flexible portion 46¢ (or the
recompression member 82), the spring slider 260 can slide in a proximal direction within the
spring slider slot 260 (i.e., in direction d1), for example, until the spring slider 260 reaches a
proximal slot stop feature 266 (such as a bent or protruding extension configured to prevent
further proximal movement of the slider 260). At this point, if further pull force is applied,
the whole tensioning assembly 256 may translate proximally along with the actuation
member 40c (or with the recompression member 82). When the actuation flexible portion
46¢ (or the recompression member 82) is released from the pull force, the spring 258, which
can be a constant force spring, pulls the slider 260 in a distal direction within the slot 262
(i.e., in the direction d2), thereby tensioning the actuation member 40c (or the recompression

member 82) enough to prevent slack formation.

[0186] FIG. 20B shows an alternative tensioning assembly 256' that uses an extension
spring 258" instead of a constant force spring. The alternative tensioning assembly 256’ can
include a housing 257" having a slot 260' in which the extension spring 258" and a slider 260’
are arranged. The spring 258’ is attached to the slider 260" such that the slider 260' can move
axially within the slot 260" in response to changes in tension of the spring 258'. The
actuation flexible portion 46¢ (or the recompression member 82) extends through the spring

258" and is coupled to the slider 260'".

[0187] When a pull force is applied to the actuation flexible portion 46¢ (or the
recompression member 82), the slider 260" can slide in a proximal direction within the slot
260". When the actuation flexible portion 46¢ (or the recompression member 82) is released
from the pull force, the spring 258’ pulls the slider 260’ in a distal direction within the slot
260', thereby tensioning the actuation member 40c to prevent slack formation. It has been
found that a small sized extension spring 258" can be used instead of a constant force spring

258, since the tension force the spring needs to apply in order to tension the actuation
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member 40c (or the recompression member 82) is relatively small. This configuration may

advantageously provide a more compact, small-sized tensioning assembly.

[0188] In some cases, the handle 100 can include one or more mechanisms to limit the
amount of force that can be applied to expand or compress the prosthetic valve. For
example, the handle 100 can include force limiting mechanisms 234 (identified separately as
234a, 234b). The first force limiting mechanism 234a can be coupled to the third actuation
flexible portion 46¢ to limit the amount of force that can be applied to expand the prosthetic
valve 60 by rotation of the rotatable knob 122. The second force limiting mechanism 234b
can be coupled to the recompression member 82 to limit the amount of force that can be

applied to compress the prosthetic valve 60.

[0189] FIGS. 21A and 21B show an example force limiting mechanism 234 including a
pivoting arm 236 having a first end portion 238 that is pivotally coupled to a base portion
248. The force limiting mechanism 234 can include an arm pulley 242 that is coupled to a
second end portion 240 of the pivoting arm 236. The force limiting mechanism 234 can
further include a guide pulley 244 (shown in FIG. 18) that is laterally and/or axially offset
from the pivoting arm 236. The guide pulley 244 can extend along a plane that is
substantially perpendicular to the plane of the arm pulley 242.

[0190] As shown in FIG. 18, the section 46¢-3 of the actuation flexible portion 46¢
extending proximally from the force balancing assembly 250 can be routed around the first
pivoting arm 236a of the first force limiting mechanism 234a and partially around the first
arm pulley 242a. The following section 46¢c-4 of the actuation flexible portion 46¢ extends
from the arm pulley 242a to the first guide pulley 244a. The actuation flexible portion 46c¢ is
partially routed around the first guide pulley 244a and thereby redirected such that the
following section 46¢-5 of the third actuation flexible portion 46¢ extends toward an
expansion reel 270 and has its proximal end attached to the expansion reel 270. In this
manner, rotation of the expansion reel 270 in a specific direction can wrap the third
actuation flexible portion 46¢ around the expansion reel 270, tensioning the actuation
flexible portion 46¢ to simultaneously pull all three actuation members 46a, 46b, 46¢ as

previously described.

[0191] Similarly, a section 82-1 of the recompression member 82 extends proximally from
the second tensioning assembly 256b. The section 8§2-1 is routed around the second pivoting

arm 236b of the second force limiting mechanism 234b and partially around the second arm
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pulley 242b. The following section 82-2 of the recompression member 82 extends from the
arm pulley 242b to the second guide pulley 244b. The recompression member 82 is partially
routed around the second guide pulley 244b and thereby redirected such that the following
section 82-3 extends towards a recompression reel 272 and has its proximal end attached to
the recompression reel 272. In this manner, rotation of the recompression reel 272 in a
direction opposite to the expansion-applying direction can wrap the recompression member
82 around the recompression reel 272, tensioning the recompression member 82 to

recompress the valve 60.

[0192] Because of the routing of the actuation member 40c around the arm pulley 242a
and the guide pulley 244a, when a pull force is applied to the actuation member 40c, a
pivoting force is applied to the pivoting arm 236a, causing the arm to pivot. When the
pivoting arm 236a pivots to a certain degree corresponding to a maximum predefined pull
force, the actuation member 40c is pinched in the gap between the first end portion 238a and
the base portion 248a (as shown in FIG. 21B), thereby preventing the actuation member 40c
from being further pulled by the expansion reel 270.

[0193] Similarly, when a pull force is applied to the recompression member 82, a pivoting
force is applied to the arm 236b, causing the arm to pivot. When the arm 236b pivots to a
certain degree corresponding to a maximum predefined pull force, the recompression
member 82 is pinched in the gap between the first end portion 238b and the base portion
248b (as shown in FIG. 21B), thereby preventing the recompression member 82 from being

further pulled by the recompression reel 272.

[0194]  Further details concerning the force limiting mechanism 234, and alternative
examples thereof, are elaborated in U.S. Provisional Application No. 62/870,372, the

disclosure of which is incorporated herein by reference.

[0195] FIG. 21C illustrates an adjustable biasing assembly 220 that can be positioned to
bias the pivoting arm 236 of the force limiting mechanism 234 to a release position. The
adjustable biasing assembly 220 includes a biasing spring 232 (or any other biasing member)
disposed between a stationary fixed end and the pivoting arm 236. The adjustable biasing
assembly 220 can further include an adjustment nut 224 that can be rotated to adjust the
degree of pre-expansion or pre-compression of the spring 232. Each of the pivoting arms
2364, 236b of the force limiting mechanisms 234a, 234a can be provided with an adjustable
biasing assembly 220a, 220b.
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[0196] FIGS. 22A-22C illustrate an implementation of the adjustable biasing assembly
220 including a plunger 222 that is axially movable within a cylinder 226. A biasing spring
232 is disposed around the plunger 222, between the adjustment nut 224 and a distal edge of
the cylinder 226. The cylinder 226 is attached at an opposite attachment end 230 to the
pivoting arm 236, and more specifically to the first end portion 238 (see FIG. 21C) of the
pivoting arm 236 of the force limiting mechanism. When a force is applied to pivot the arm
232 toward a pinching position, the arm first end portion 238 pushes the cylinder 226 in a
distally oriented direction, toward the adjustment nut 224, to compress the biasing spring
232. The adjustment nut 224 can be preset to a desired position, to preset the resistive force
of the spring 232. When force is no longer applied (by the third actuation member 40c or
the recompression member 82) on the arm 236, the spring extends and urges the arm 236

back to its released position.

[0197] The rotatable knob 122 can be coupled to the expansion reel 270 and the
recompression reel 272 such that rotation of the rotatable knob 122 in a specific direction
(which can be clockwise or counterclockwise) is translated to rotation of both reels 270, 272
in the same direction, and rotation of the rotatable knob 122 in an opposite direction causes
both reels 270, 272 to rotate therewith in the opposite direction. In one example, the third
actuation flexible portion 46¢ and the recompression member 82 are attached to the
expansion reel 270 and the recompression reel 272, respectively, from opposite directions
(as shown in FIG. 18). When both reels are rotated in a specific direction, for example, in a
direction configured to expand the prosthetic valve 60, the third actuation flexible portion
46¢ is wrapped around the expansion reel 270, while the recompression member 82 is
unwrapped from the recompression reel 272. Similarly, when both reels are rotated in an
opposite direction, for example in a direction configured to compress the prosthetic valve 60,
the recompression member 82 is wrapped around the recompression reel 272, while the third

actuation flexible portion 46¢ is unwrapped from the expansion reel 270.

[0198] FIGS. 23A-24C illustrate a force limiting mechanism 634 with an adjustable
biasing assembly 620 that can serve as an alternative to the previously described force
limiting mechanism 234 with the adjustable biasing assembly 220. The force limiting
mechanism 634 includes a base guide member 630. The adjustable biasing assembly 620
includes a plunger 622 having its proximal portion axially movable within a respective bore
of the base guide member 630. A distal portion 626 of the plunger 622 is attached to, or
integrally formed with, a distal pulley housing 636 having a distal pulley 638 coupled to its
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interior passageway. The adjustable biasing assembly 620 includes a biasing spring 632 and
an adjustment nut 624 disposed around the plunger 622. The biasing spring 632 extends

between the base guide member 630 and the adjustment nut 624.

[0199] In some examples, the force limiting mechanism 634 further includes a proximal
plate 650, which is coupled to, or integrally formed with, the rotatable knob 122, and is
configured to rotate therewith. The plate 650 comprises at least one set of circumferential
serrated teeth, and the plunger 622 comprises a plunger proximal tooth 628, configured to
engage with the serrated teeth. FIGS. 24A-24C shows different views of the proximal plate
650.

[0200] In one example, the proximal plate 650 can have two sets of circumferential
serrated teeth: outer serrated teeth 652 and inner serrated teeth 654 that is disposed radially
inward relative to the outer serrated teeth 652. The force limiting mechanism 634 can have
two adjustable biasing assemblies 620a, 620b, as shown in FIG. 23E. The adjustable biasing
assembly 620a, which can be configured to cooperate with the third actuation flexible
portion 46¢, has its plunger proximal tooth 628a radially aligned for engagement with the
outer serrated teeth 652. The adjustable biasing assembly 620b, which can be configured to
cooperate with the recompression member 82, has its plunger proximal tooth 628b radially

aligned for engagement with the inner serrated tecth 654.

[0201]  As illustrated in FIG. 23B for the adjustable biasing assembly 620a, the section
46¢-3 of the third actuation flexible portion 46¢ extends proximally from the force balancing
assembly 250 (similar to FIGS. 17 and 18), toward and around a reverting pulley 642a,
reverting its following extension 46¢c-4 to the distal direction. The reverting pulley 642a can
be coupled, for example, to the base guide member 630a. The following section 46¢-4
extends from the reverting pulley 642a, toward and around the distal pulley 238a, reverting
its following extension 46¢-5 to the distal direction. The following section 46¢-5 extends
from the distal pulley 238a toward the guide pulley 644a and is partially routed therearound
such that the following section 46¢-6 extends from the guide pulley 644a to the expansion

reel 270.

[0202] In use, when the rotatable knob 122 is rotated in a direction configured to promote
expansion of the prosthetic valve 60, the section 46¢-6 of the third actuation flexible portion
46¢ wraps around the expansion reel 270, while the following sections 46¢-5 and 46¢-4 of

the third actuation flexible portion 46¢ extend around the adjustable biasing assembly 620a
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in a manner configured to pull the plunger 622a proximally toward the plate 650. The
plunger proximal tooth 628a is axially offset and distal to the outer serrated teeth 652 when
the prosthetic valve 60 is in a compressed state. As the plunger 622a axially translates in the
proximal direction during valve expansion, the proximal tooth 628a moves closer to the
outer serrated teeth 652 until the proximal tooth 628a is engaged with the outer serrated teeth
652 in a ratcheting manner that prevents further proximal movement of the plunger 622a.
This engagement serves to prevent further rotation of the rotatable knob 122 in the same

direction, thereby preventing further expansion of the prosthetic valve 60.

[0203] The outer serrated tecth 652 are angled to prevent further rotation of the second
knob in the same direction (i.e., expansion) when engaged with the plunger proximal tooth
628, but the tooth 628 is allowed to slide along the teeth 652 when the second knob is
rotated in an opposite direction (i.e., to recompress the prosthetic valve 60 while releasing

the third actuation flexible portion 46c).

[0204] The adjustment nut 624 can be preset to a desired position to set the resistive force
of the spring 632. When force is no longer applied to the plunger 622 by further rotation or
holding in place the second knob 622 (and assuming that the prosthetic valve 60 is not

locked in an expanded state by the locker/actuators 62), the spring 632 may extend and urge

the plunger 652 back to its released position.

[0205] In some examples, the handle can include a distal stop feature 640 (shown in FIG.
23B) positioned distal to the distal pulley housing 636 and immovable relative to the handle.
The distal stop feature 640 can be configured to limit the maximum translation of the
plunger 622 in a distal direction. In some examples, the plunger 622 can be movable within

a channel such that a distal end of the channel serves as the distal stop feature 640.

[0206] The function of the adjustable biasing assembly 620b is similar to that of the
adjustable biasing assembly 620a, where the recompression member 82 is configured to pull
the plunger 222b toward the inner serrated teeth 654 upon rotation of the rotatable knob 122
in a direction configured to recompress the prosthetic valve 60, stopping when the plunger

proximal tooth 628b engages the inner serrated teeth 654.

[0207] In some examples, the lateral edges of the plunger proximal teeth 628a, 628b are
angled so as to properly abut against the serrated teeth 652, 654.
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[0208] In some cases, the handle 100 can include a mechanism to prevent over-expansion
of the prosthetic valve to minimize the risk of annulus rupture or damage to the surrounding

anatomy.

[0209] FIGS. 25A-25C illustrate an exemplary valve expansion limiting mechanism 400
including a primary gear 420 having external gear teeth and a secondary gear 422 having
external gear teeth that interconnects with the external gear teeth of the primary gear. The
primary gear 420 is coupled to the rotatable knob 122 and rotates with the rotatable knob
122. The secondary gear 422 comprises a threaded bore. A rod 424 is threadedly engaged
with the threaded bore such that when the primary gear 420 rotates in a direction to pull the
third actuation member 40c, the secondary gear 422 rotates in an opposite direction, which is
translated to an axial displacement of the rod 424 in the proximal direction. A proximal
portion of the rod 424 is threaded along a length sufficient for the required range of its axial
displacement. The rod 424 comprises a radially extending tab 426, which extends through a
longitudinal slot 428 of the handle 100. Therefore, the tab 426 is guided along the slot 428

in a proximal direction during retraction of the actuation member 40c.

[0210] The valve expansion limiting mechanism 400 can further include a slidable knob
430 that is configured to slide along a lateral slot 432 such that at a first position the knob
430 does not overlap the longitudinal slot 428 and at a second position (shown in FIG. 25A),
the knob 430 overlaps the longitudinal slot 428. When the knob 430 is positioned in the first
position, the tab 426 is free to move axially in the proximal direction, towards a proximal
end 104 of the handle 100, along the entire path defined by the slot 428. When the knob 430
is in the second position, the knob 430 obstructs the path defined by the slot 428 such that
the tab 426 can move axially only until the tab 426 contacts the knob 430. At this point, any
further movement of the tab 426 in the same direction is obstructed the knob 430. As the tab
426, and the attached rod 424, halt and cannot move further in the proximal direction beyond
the position in which the tab 426 abuts the knob 430 in the second position, the rest of the
components involved in the movement transmission, including the secondary gear 422 and
the primary gear 420, halt as well, therefore preventing further retraction of the third
actuation member 40c. When the third actuation member 40c halts, the prosthetic valve 60
is prevented from expanding any further. Thus, the position of the knob 430 defines the
maximal allowed expansion of the valve 60. If the user desires further expansion of the

valve, the user can slide the knob 430 manually to the first position.
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[0211] The valve expansion mechanism 400 can further include a clicking sound
mechanism that produces a clicking sound in response to movement of the knob 430 from
the first position to the second position. As shown in FIGS. 25B and 25C, the clicking
sound mechanism can include a stationary member 438 having an axial protrusion, for
example in the form of a dimple, in front of a base member 434 of the knob 430. The base
member 434 can be provided with two notches 436. The clicking sound is made when the
knob 430 slides along with the base member 434 from one position to another and the

protrusion of the stationary member 438 flexibly moves over the corresponding notches 436.

[0212] FIGS. 26A-26C illustrate an alternative valve expansion limiting mechanism 400a
where the primary gear (420 in FIGS. 25A and 25B) with the external gear teeth is replaced
by an internally threaded nut 420a that is configured to threadedly engage with a proximal
threaded portion 422a of the rod 424a. Rotation of the nut 420a during retraction of the third
actuation member 40c is translated, via the proximal threaded proximal portion 422a of the
rod 424a, to an axial movement of the tab 426a to perform in an otherwise similar manner as

described above with reference to FIGS. 25A and 25B.

[0213] In one example, the tab 426, 426a is detachably attachable to the rod 424, 424a
such that it can be positioned at different positions along the length of the rod 424, 424a. As
shown in FIG. 26B, the tab 426a can be attached to the rod 424a by a set screw 427. Ifitis
desired to set the maximum expansion allowable by the mechanism to a higher value, the set
screw 427 can be released so that the tab 426a can be displaced axially to a more distal
position and then reattached to the rod 424a at the new position by screwing the set screw
427a. If it is desired to set the maximum expansion allowable to a lower value, the same
procedure can be performed, positioning the tab 426a at a more proximal position along the
rod 424a. The same procedure can be also performed for re-calibrating the mechanism to

adapt to different valve sizes.

[0214]  According to some examples, the handle 100 can include a plurality of knobs
axially spaced from each other. FIG. 26C shows a series of knobs 430a slidable within
respective lateral slots. The position of each knob 430a corresponds to a different expansion
diameter. The knobs 430a can serve as switches that allow a single handle to be used with
different valve sizes or according to the anatomy of different patients. For example, a
clinician can slide the knob 430a having the desired maximum expansion limit to the second
position while keeping the remaining knobs 430a at rest at the first position. Such a

configuration can be also used to provide an expansion fine-tuning capability, where several
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knobs 430a can be positioned at the second position, enabling the clinician to slide each of

the knobs 430a to the first position to allow further expansion of the valve.

[0215] The handle 100 can include a status indicator mechanism to provide indication

regarding the valve expansion diameter.

[0216] An exemplary status indicator mechanism 450 is shown in FIGS. 27A-28C. The
mechanism 450 is shown in a first state in FIGS. 27A-27C and in a second state in FIGS.
28A-28C. In some examples, the first state can be a state in which the prosthetic valve 60 is
compressed, and the second state can be a state in which the prosthetic valve 60 is fully
expanded, such that any transitional state between the first and second states is indicative of

the current valve diameter.

[0217] Referring to FIGS. 27A-27C, the status indicator mechanism 450 can include a

radial extension 228 (shown in FIG. 27C) extending outwardly from the cylinder 226 (see
FIGS. 22A-22C) of the adjustable biasing assembly 220 (see FIGS. 22A-22C). The status
indicator mechanism 450 can further include a pivoting member 447 (shown in FIG. 27C)
configured to pivot around a hinge fixedly attached to the handle 100 (e.g., to the proximal
portion 112). The status indicator mechanism 450 can include an indication tab 440 and a

transmission arm 446.

[0218] The pivoting member 447 comprises a first portion 447a (lower portion in FIG.
27C) configured to contact the radial extension 228 at least during a second state of the
status indicator mechanism and a second portion 447b (upper portion in FIG. 27C) rotatably
connected to the transmission arm 446. The transmission arm 446 is connected at its
opposite end to the indication tab 440, which can be formed, for example, as a slidable knob.
The indication tab 440 is configured to axially slide within a slot 442 of the handle 100, such
that the position of the indication tab 440, between a slot distal and proximal ends, is visible

through the slot 442 to an operator or user of the device.

[0219] The status indicator mechanism 450 can include a tab spring 444, which is
connected to the indication tab 440 at its proximal end and to the handle 100 at its distal end.
The tab spring 440 is an extension spring, shown in a free compressed state when the status

indicator mechanism is in the first state as shown in FIGS. 27A-27C.

[0220] FIGS. 28A-28C show the status indicator mechanism 450 in a second state. When
the third actuation member 40c is pulled in the proximal direction d1, the pivoting arm 236

rotates around its hinge 128 in the direction c4. The rotation of the arm first end portion 236
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in direction c4 translates to axial movement of the cylinder 226 in the distal direction d2,

acting to compress the spring 232.

[0221] The pivoting member 447 is positioned such that its lower portion 447a (shown in
FIG. 27C) is configured to slide over the radial extension 228 (shown in FIG. 27C) when the
cylinder 226 translates in a distal direction d2 during transition from the first state (FIGS.
27A-27C) to the second state (FIGS. 28A-28C). As a result, the pivoting member 447 rotates
around its hinge such that its upper portion rotates in the direction ¢3, pulling the
transmission arm 446 therealong. The transmission arm 446 translates the rotational
movement of the pivoting member 447 to an axial movement of the indication tab 440,

which is pulled axially in the proximal direction d1 toward the proximal end of the slot 442.

[0222] When the third actuation member 40c is released, the spring 444 returns to its
extended state, such that the lower portion of the pivoting member 447 no longer abuts the
outer edge of the radial extension 228, thereby releasing the indication tab 440. The tab
spring 444 returns to its free compressed state, pulling the indication tab 440 there along
toward the distal end of the slot 442, such that the status indicator mechanism returns to the

first state of FIGS. 27A-27C.

[0223] In some examples, the handle 100 can include markings within or in the vicinity of
the slot 442 to provide easy visual indication of the safe or unsafe ranges such that the

clinician may compare the current position of the indication tab 440 with such markings.

[0224] FIGS. 29A and 29B illustrate a portion of a third mechanism 1200 (i.e., actuation
release mechanism) that can be controlled by the rotatable knob 124 of the handle. As
shown, the third mechanism 1200 can include a gear train 345 that is driven by the rotatable

knob 124.

[0225] In one implementation, the gear train 345 includes an annular driver gear 344 and
one or more driven pinion gears 356 (e.g., three pinion gears). The gear train 345 may
further include one or more idler gears 350 (e.g., two idler gears). The rotatable knob 124
can be attached to the annular driver gear 344 such that rotation of the rotatable knob 124 in
a first direction causes rotation of the annular driver gear 344 in the same direction. The
rotatable knob 124 can include projections 322 extending radially inward. The annular

driver gear 344 can include recesses 346 that receive and mate with the projections 322.

[0226] The annular driver gear 344 can include driver gear inner teeth 348 that mesh with

idler gear teeth 352 of idler gears 350. The idler gear teeth 352 can in turn mesh with pinion
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gear teeth 358 of the pinion gears 356. The annular driver gear 344 can be meshed with, and
configured to drive, two idler gears 350. One of the two idler gears 350 can be meshed with,
and configured to drive, a single third pinion gear 356, while the other idler gear 350 is
meshed with, and configured to drive, a single third pinion gear 356. While two idler gears
350 are shown for illustrative purposes, any number of idler gears may be used to translate
rotational movement of the annular driver gear 344 to the pinion gears 356. In other
examples, the idler gears 350 may be omitted and the pinion gears 356 can be designed to

directly contact and mesh with the driver gear teeth 348.

[0227] Each pinion gear 356 can include a pinion gear bore 360 that is configured to
receive an actuation tube 364 therein. In one example, the gear bore 360 can have a non-
circular profile that is adapted to match with a non-circular profile of a portion of the
actuation tube 364 extending therethrough. For example, the gear bore 360 may have a flat
edge 362. The non-circular profile of the portion of the actuation 364 can allow the torque
shaft to freely move axially in a proximal or distal direction relative to the pinion gear 356.
At the same time, as the pinion gear 356 is driven by the driver gear 344, the actuation tube

364 rotates in the same direction as the pinion gear.

[0228] When the rotatable knob 124 is rotated in a first direction (which can be clockwise
or counterclockwise), all three actuation tubes 364 are rotated via the gear train (i.e., via the
drive gear 344, the idler gears 350 and the driven pinion gears 356). Since the actuation
member torque transmitting portions 42 are attached to the actuation tubes 364, the actuation
member torque transmitting portions 42 are rotated around their respective central axes,
transmitting the rotational movement to their respective distal threaded heads 44, which may

be unthreaded and disengaged from the rack member 68.

[0229] The safety knob 130 (see FIG. 11) can be configured to slide into a recess 134
within the rotatable knob 124. When the safety knob 130 is disposed within the recess 134,
rotation of the rotatable knob 124 is prevented. This serves as a safety measure to prevent
unintentional release of the delivery apparatus from the prosthetic valve. Once the
prosthetic valve is sufficiently expanded, the safety knob 130 can be pushed along the slot
132 (shown in FIG. 11), away from the recess 134, to enable manual rotation of the third

knob 134.

[0230] In some cases, rotation of the rotatable knob 124 in a first direction is translated to

rotation of each of the actuation torque-transmitting portions 42 about their respective
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longitudinal axes, enabling the actuation torque-transmitting portions 42 to disengage from
the prosthetic heart valve, while rotation of the rotatable knob 124 in a second direction that
is opposite to the first direction is prevented. This can advantageously avoid damage that
might otherwise result from over-tightening the distal threaded heads 44 due to accidental

rotation of the rotatable knob 124 in the wrong direction.

[0231] A ratcheting mechanism can be provided that allows the rotatable knob 124 to
rotate in only one direction. Referring to FIGS. 30A and 30B, in one implementation, the
ratcheting mechanism can include a pawl member 324 that is spring-biased against inner
teeth 320 of the rotatable knob 124. The pawl member 324 can be retained within a channel
336 of a pawl member housing 334. The pawl member 324 may include an outward portion
326 configured to press against the inner teeth 320 of the rotatable knob 124. The outward
portion 326 extends between an outward end 328, which is configured to contact the inner

teeth 320, and a pawl member shoulder 330 formed at the opposite end thereof.

[0232] As shown in FIGS. 30A and 30B, the opposite end portion of the pawl member
324 extends radially out of the channel 336 and housing 334. The opposite end portion of
the pawl member 324 can include a circumferential groove 332 configured to receive a
fastener such as a disc 340. The pawl member housing 334 can include a ridge 338 at its
radially innermost end extending toward the pawl member 324 such that the fastener 340
can abut or be pressed against the ridge 338. While the fastener 340 is shown in the
illustrated example as a disc, it will be clear that a variety of other fasteners may be utilized,
such as a cotter pin and the like. In one example, the ridge 338 can be formed by a bent end

of the pawl member housing 334, as shown in FIG. 30A.

[0233] A pawl spring 342 can be positioned over the pawl member 324, between the
housing ridge 338 and the pawl member should 330, to constantly bias the outward portion
326 against the third knob inner teeth 320. As shown in FIG. 30B, the inner teeth 320 of the
rotatable knob 124 may be inclined in a specific direction, and the outward end 328 of the
pawl member 324 may be similarly inclined, such that the rotatable knob 124 may freely
rotate in a counterclockwise direction with the outward end 328 of the pawl member 324
pressed against and sliding over the inner teeth 320 during such rotation. However, rotation
of the rotatable knob 124 in an opposite, clockwise direction, having the short edge of an

inner tooth 320 pressed against a sidewall of the outward end 328 of the pawl member 324.
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[0234] FIGS. 31A-33B illustrate a mechanism 300c that can be included in the handle
100. The mechanism 300c is configured to control axial displacement of the actuation
members 40 and simultaneously disengage the actuation members 40 from the prosthetic
valve 60. The mechanism 300c includes a central pull cable 48c that can be pulled in a
proximal direction d1 by rotating the rotatable knob 122 (see FIG. 11) of the handle. The
central pull cable 48c is coupled to a drag member 280c, which is coupled to the actuation
members 40 such that axial movement of the central pull cable 48c is translated to axial
displacement of the actuation members 40. The mechanism 300c includes a gear assembly
301c comprising an annular driver gear 344c that can be rotated by the rotatable knob 124
(see FIG. 11) of the handle and driven pinion gears 356¢ that are engaged with the annular
driver gear 344c. The actuation members 40 are coupled to the driven pinion gears 356¢
such that rotation of the annular driver gear 344c¢ results in simultaneous rotation of the

actuation members 40.

[0235] The multi-lumen shaft 22 includes a sleeve coupler 38 at its distal end (it should be
noted that the multi-lumen shaft 22 is shown as transparent in FIG. 31A for purposes of
illustration). Proximal portions of the sleeve members 34 of the actuation assemblies 32 are
coupled to the sleeve coupler 38. In the illustrated example, the sleeve coupler 38 has a
cylindrical or disc shape. In other examples, the sleeve coupler 38 can have various other
shapes (e.g., cube, prism, and the like). The sleeve coupler 38 includes a plurality of
openings 39 extending axially through the coupler. The actuation members 40 extend
through the respective sleeve members 34 and through respective openings 39 into the multi-
lumen shaft 22. The openings 39 are configured such that the actuation members 40 can

extend through and rotate freely relative to the sleeve coupler 38.

[0236] The drag member 280c is disposed within the multi-lumen shaft 22 (e.g.,
proximate to the distal end of the multi-lumen shaft 22) and is axially movable within the
distal portion of the multi-lumen shaft 22. In some examples, the drag member 280c can be
disc-shaped. In some examples, the sleeve coupler 38 can prevent displacement of the drag

member 280c out of the distal end of the multi-lumen shaft 22.

[0237]  The central pull cable 48c extends through a lumen of the multi-lumen shaft 22
(e.g., the central pull cable 48c can extend generally in parallel to the actuation members
40c) into a proximal portion of the cavity defined within the handle. The distal end portion
of the central pull cable 48c is coupled to the drag member 280c such that axial movement

of the central pull cable 48c can be translated to an axial movement of the drag member
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280c. The central pull cable 48c¢ is configured to be pulled via rotation of the rotatable knob
122 (shown in FIG. 11) of the handle. For example, the mechanism previously shown in
FIG. 18 can be modified such that the central pull cable 48c is attached to the expansion reel
270 and configured to wrap around the expansion reel 270, replacing the third actuation

flexible portion 46¢.

[0238] The central pull cable 48c can be in the form of any flexible member known in the
art, such as a cable, a string, a rope, and the like. When the central pull cable 48c is used in
the displacement control mechanism, the actuation members 40 do not need to include an
actuation member flexible portion as previously described. Instead, the entire length of each

actuation member 40 can be in the form of a single torque-transferring portion.

[0239] The drag member 280c includes a plurality of drag member apertures 282¢. Each
actuation member 40 can extend through a respective aperture 282c. In some examples,
each actuation member 40 is free to rotate around its axis of symmetry within the respective
aperture 282¢ but cannot translate in the axial direction therethrough. In some examples,
each actuation member 40c includes a distal radial extension 248 (or stopper) positioned
distal to the drag member and a proximal radial extension 286c¢ (or stopper) positioned
proximal to the drag member 280. Each radial extension is attached to the actuation member
40 and extends radially therefrom beyond the outer circumferential edge of the respective

aperture 282.

[0240] In some examples, both radial extensions 284c and 286c¢ are situated near proximal
and distal surfaces of the drag member 280c, thereby preventing axial movement of the
actuation members 40 within the apertures 282c¢ of the drag member 280c. In some
examples, the inner diameter of each aperture 282c is larger than the outer diameter of the
respective actuation member 40 to an extent that allows rotational movement of the

actuation member 40 within the aperture 282c.

[0241] Each driven pinion gear 356c¢ is attached to a proximal portion of a corresponding
actuation member 40 and is engaged with the annular driver gear 344c. In this manner,
rotation of the annular driver gear 344c is translated to rotation of the driven pinion gears
356¢, which is translated to rotation of the actuation members 40. FIGS. 31A and 33A show
the driven pinion gears 356¢ directly meshed with the internal teeth of the annular driver

gear 344c. In alternative implementations, the gear train can include any number of idler
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gears to translate rotation from the annular driver gear 344c to the driven pinion gears 356¢,

as illustrated, for example, in FIGS. 29A and 29B.

[0242]  In some examples, the axial length L70 (shown in FIG. 33B) of the annular driver
gear 344c is greater than the axial length L8O (shown in FIG. 33B) of each driven pinion
gear 356¢. This allows each driven pinion gear 356c¢ to remain engaged with the annular
driver gear 344c as the driven pinion gear 356c¢ and the annular driver gear 344c move

axially relative to each other along the length L70.

[0243] If the actuation members 40 have identical lengths, the positions of the proximal
ends of the actuation members 40 can differ when the actuation members 40 are positioned
along a curved pathway (such as along a bend in the patient’s vasculature). As illustrated by
FIG. 32, while the distal portions of the actuation members 40 defined between the drag
member 280c and the prosthetic valve 60 have identical lengths, the proximal ends of the

actuation members 40 are located at different axial positions.

[0244] The slidable movement of the driven pinion gears 356¢ within the annular driver
gear 344c permits free repositioning of the proximal portion of each actuation member 40
within the annular driver gear 344c, thereby compensating for the different travel paths of
the actuation members 40. The axial length L70 can be defined by the range of allowable or
expected positions of the driven pinion gear 356¢, which may differ according to each

patient’s anatomy.

[0245]  Once the prosthetic valve 60 is positioned at a desired implantation location, the
central pull cable 48c is pulled in the proximal direction by rotating the rotatable knob 122.
Since the central pull cable 48c is attached to the drag member 280c, the drag member 280c
translates proximally, dragging all the actuation members 40 along via the distal radial
extensions 284c. Pulling the actuation members 40 in the proximal direction results in

expansion of the prosthetic valve 60.

[0246] To release the actuation members 40 after expanding the valve, the annular driver
gear 344c is rotated by rotating the rotatable knob 122. Since all the driven pinion gears
356c are engaged (directly or indirectly via idler gears) with the annular driver gear 344c,
the rotation of the annular driver gear 344c is translated to simultaneous rotation of the
driven pinion gears 356¢, which is translated to simultaneous rotation of the actuation
members 40. Rotation of the actuation members 40 result in disengagement of the actuation

members 40 from the respective rack members 68 of the lockers/actuators 62 of the valve.
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[0247]  Additional details regarding the displacement control and release mechanisms are
elaborated in U.S. Provisional Application No. 62/945,039, which is incorporated herein by

reference.

[0248] FIGS. 34A-34D illustrate a mechanism 300d that can be included in the handle
100. The mechanism 300d is configured to control an axial displacement of the actuation
members 40 along the same length and simultaneously release the actuation members 40
from the prosthetic valve. The mechanism 300d includes a central pull cable 48d that can be
pulled in a proximal direction d1 by rotating the rotatable knob 122. The central pull cable
48d pulls all the actuation members 40 along and thereby expands the valve. The
mechanism 300d includes a gear assembly 301d comprising a distal driving spur gear 357d
that is rotated by rotating the rotatable knob 124 and distal driven pinion gears 356 that are
engaged with the distal driving spur gear 357d. The actuation members 40 are coupled to
the distal driven pinion gears 356 such that rotation of the distal driven pinion gears 356

results in simultaneous rotation of the actuation members 40.

[0249]  The driving spur gear 357d and the distal driven pinion gears 356d are disposed
within the multi-lumen shaft 22 (it should be noted that the multi-lumen shaft 22 is shown as
transparent for purposes of illustration). The multi-lumen shaft 22 can include a sleeve
coupler 38 at its distal end, which can have the same characteristics described with reference
to FIGS. 31A-33B. Proximal portions of the sleeve members 34 of the actuation members
40 are attached to the sleeve coupler 38. The mechanism 300d further includes a drag
member 280d, which is disposed within the multi-lumen shaft 22 and between the gears
357d, 356d and the sleeve coupler 38. The drag member 280d is axially movable within the

distal portion of the multi-lumen shaft 22.

[0250]  The central pull cable 48d extends through the multi-lumen shaft 22. The distal
end of the central pull cable 48 is coupled to the driving spur gear 357d (instead of being
affixed to the drag member as described for the pull mechanism illustrated by FIGS. 31A
and 31B). The distal driving spur gear 357d is in turn coupled to the drag member 280d.
Axial movement of the central pull cable 48d is translated to axial movement of the drag
member 280d within the distal portion of the multi-lumen shaft 22. Since the central pull
cable 48d is not affixed to the drag member 280d, the central pull cable 48d can be rotated

about its central axis, which would rotate the distal driving spur gear 357d.
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[0251] The actuation members 40 are coupled to the drag member 280d such that the
actuation members 40 can rotate about their respective axes but not move axially relative to
the drag member 280d. For example, the actuation members 40 can extend through
apertures of the drag member 280d and have proximal and distal radial projections. In
addition, each actuation member 40 is attached at its distal portion to one of the distal driven
pinion gears 356d (instead of to pinion gears within the handle as described for the pull

mechanism illustrated in FIGS. 31A and 31B).

[0252] In some cases, the central pull cable 48d can include a pull cable rigid portion and
a pull cable soft portion. The pull cable rigid portion can be coupled at a proximal portion
thereof (i.e., a portion within the handle) to a proximal gear driven by the rotatable knob 124
(see FIGS. 29A-29B). In such cases, the pull cable rigid portion can be any flexible torque-
transmitting material or structure known in the art to transmit torque applied to one end
thereof to the opposite end thereof. The pull cable rigid torque transmitting portion can
extend between the driving spur gear 357d and at least the proximal gear driven by the
rotatable knob 124. The pull cable soft portion may be attached to the proximal end of the
pull cable rigid portion, for example, via a coupler (not shown) and may include any flexible
soft portions in the form of strings, cable, wires, and the like configured to wrap around

pulleys and/or reels.

[0253] While the actuation members 40 are illustrated as extending along the entire length
of the multi-lumen shaft 22 in FIGS. 34A and 34B, in other examples, the actuation
members 40 may extend along a shorter length (e.g., between the distal driven pinion gear
356d and the distal threaded heads 44 of the actuation members 40) and configured to

perform as torque-transmitting members at these portions.

[0254]  Once the prosthetic valve 60 is positioned at the desired implantation site, the
central pull cable 48d is pulled in the proximal direction by rotating the rotatable knob 122
(shown in FIG. 11), pulling the drag member 280 and all actuation members 40 along,
thereby expanding the prosthetic valve 60. Once the prosthetic valve 60 is expanded, the
distal driving spur gear 357d is rotated by rotating the rotatable knob 124 (shown in FIG.
11). Since all the distal driven pinion gears 356d are engaged (directly or indirectly via idler
gears) with the driving spur gear 357d, the distal driven pinion gears 356d simultaneously
rotate with the driving spur gear 357d, which results in disengagement of the actuation

members 40 from the respective rack members 68 of the lockers/actuators 62 of the valve.
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[0255] Additional details regarding the pull mechanism described in FIGS. 34A-34D can
be found in U.S. Application No. 62/945,039.

[0256] FIGS. 35A-35B illustrate a mechanism 300e that can be included in the handle
100. The mechanism 300e is configured to control axial displacement of the actuation
members 40 and simultaneously disengage the actuation members 40 from the prosthetic
valve 60. The mechanism 300e includes a first gear assembly 301e comprising a primary
gear 420e and secondary gears 456e. The actuation members 40 are coupled to the
secondary gears 456e such that rotation of the secondary gears 456e by the primary gear
420e results in rotation and axial translation of the actuation members. The mechanism 300¢
includes a second gear assembly 302e that is coupled to the actuation members 40e and that

can rotate the actuation members 40 to release the actuation members 40 from the valve.

[0257] The primary gear 420e is provided with internal teeth and is coupled to and
rotatable with the rotatable knob 122 (shown in FIG. 11). The secondary gears 456¢ are
provided with external gear teeth, which interconnect with the internal teeth of the primary
gear 420e. Each secondary gear 456¢ is coupled, directly or indirectly, to a respective
actuation member 40 to promote axial translation of the actuation member 40 in response to
rotation of the primary gear 420e. In some examples, the axial length of the primary gear
420e is longer than the length of each secondary gear 456e, thereby allowing slidable
movement of each secondary gear 456e along the length of the primary gear 420e. The
secondary gears 456¢ are shown as directly meshed with the internal teeth of the primary
gear 420e. In an alternative implementation, the gear train can include any number of idler
gears to translate rotation of the primary gear 420e to the secondary gears 456¢ (such as

illustrated with idler gears 350 in FIGS. 29A and 29B).

[0258] In some examples, a first adapter 464e is coupled to each secondary gear 456¢.
Each first adapter 464e has a threaded bore. In the example illustrated by FIGS. 35A-35B,
the proximal portion of each actuation member 40 has a thread that matches the inner thread
in the threaded bore of the respective first adapter 464e. The proximal portion of each
actuation member 40 extends through the threaded bore of the respective first adapter 464¢
such that rotation of the first adapter 464e, via rotation of the respective secondary gear

456¢, is translated to axial displacement of the actuation members 40.

[0259] In some examples, the first adapter 464e includes a polygonal outer shape that

matches a polygonal-shaped central bore of a respective secondary gear 456e such that when
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the first adapter 464e is disposed in the polygonal-shaped central bore the first adapter 464¢
will not be able to rotate relative to the secondary gear 456e. Thus, when the secondary gear
456¢ rotates, the respective first adapter 464e rotates with the secondary gear 456e. In the
implementation illustrated by FIG. 35A, the first adapters 464e are square-shaped. In other
implementations, the central bore of the secondary gear 465¢e can include a bore flat edge
(such as bore flat edge 362 shown in FIG. 29B) matching a similar flat edge of the first
adapter 464e.

[0260] In some examples, the first adapter 464e can further include a proximal first
adapter base 466e configured to abut the secondary gear 456¢. In some examples, the first
adapter 464e can be otherwise shaped to be affixed to the secondary gear 456e. In some
examples, the first adapter 464e includes other features besides shape matching to prevent
rotational movement thereof relative to the secondary gear 456e. In some examples, the first
adapter 464e can be affixed to the secondary gear 456e, for example, by gluing, welding,
and the like.

[0261] In some examples, the assembly 300e does not include first adapters 464e, and the
threaded proximal portion of each actuation member 40e is configured to match an internal
thread of a central bore of the secondary gear 456e. In this case, when the actuation member
40e extends through the central bore of the secondary gear 456e, rotation the secondary gear

456¢ is directly translated to axial displacement of the actuation member 40e.

[0262] The second gear assembly 302¢ includes an annular driver gear 344e and a
plurality of driven pinion gears 356e engaged with the annular driver gear 344e. Each
driven pinion gear 356e is coupled, directly or indirectly, to a respective actuation member
40 to promote rotation of the actuation member 40 around the central axis of the actuation
member 40 in response to rotation of the driven pinion gear 356e. The pinion gears 356¢ are
shown as directly meshed with the internal teeth of the annular driver gear 344e. In an
alternative implementation, the gear train can include any number of idler gears to translate
rotation of the annular driver gear 344e to the pinion gears 356¢ (such as illustrated with the

idler gears 350 described with reference to FIGS. 29A-29B).

[0263] In some examples, the axial length of the annular driver gear 344e can be longer
than the length of each driven pinion gear 356e, thereby allowing slidable movement of each

pinion gear 356¢ along the length of the annular driver gear 344e.
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[0264] In some examples, the actuation member 40e can be fixedly attached to a
respective actuation tube and extend therethrough. The actuation tube can be affixed to a
respective bore of a pinion gear 365¢ and extend therethrough. In other examples, the
assembly may not include actuation tubes and each actuation member 40 can be directly

affixed to the bore of a respective pinion gear 356e and extend therethrough.

[0265] When a prosthetic valve 60 is placed within a patient’s body, the positions of the
proximal ends of the actuation members 40 within the handle may differ even though the
lengths of all actuation members 40 are identical. The positions of the proximal ends may
differ due to the curved pathway along the patient’s vasculature. The slidable movements of
the secondary gears 456e within the primary gear 420e and of the pinion gear 356e within
the driver gear 344e permit free repositioning of the proximal portion of each actuation
member 40e. The lengths of the primary gear 420e and the driver gear 344e are defined by
the range of allowable or expected positions of the secondary gears 456¢ and the pinion

gears 356e, respectively, which may differ according to each patient’s anatomy.

[0266] Once the prosthetic valve 60 is positioned at the desired implantation location, the
rotatable knob 122 is rotated, causing the primary gear 420e to rotate. Since all the
secondary gears 456¢ are engaged (directly or indirectly via idler gears) with the primary
gear 420e, the secondary gears 456e simultaneously rotate along with the respective first
adapters 464e. Rotation of the first adapters 464e results in axial translation of the actuation
members 40. Rotation in a specific predefined direction will result in axial displacement of
the actuation members 40 in the proximal direction. The pinion gears 356e are allowed to
axially slide within the driver gear 344e during axial displacement of the actuation members
40. The simultaneous pull of all actuation members 40 along a constant distance results in
uniform radial expansion of the valve 60. The mechanism 300e can operate without the

expansion reel.

[0267] Once the prosthetic valve 60 is expanded, the driver gear 344e is rotated by manual
rotation of the rotatable knob 124. Since all of the pinion gears 356e are engaged with the
driver gear 344e, all the pinion gears 356e simultaneously rotate along with the respective
actuation tubes 364e (or the actuation members 40 if the actuation members 40 are attached
directly to the pinion gears), which in turn is translated to disengagement of the actuation

members 40 from the rack members 68 of the lockers/actuators of the valve.
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[0268] FIGS. 36A-36E illustrate an alternative mechanism 300f that can be included in
the handle 100. The alternative mechanism 300f is configured to control axial displacement
of the actuation members 40 and simultaneously disengage the actuation members 40 from
the prosthetic valve. The mechanism 300f includes a main bevel gear 540f and a plurality of
lock gears 570f that can be disposed within the handle. The main bevel gear 540f has a
distal surface 542f that is provided with teeth that project in a distal direction. The lock
gears 570f are engaged with the teeth. In some examples, the peripheral lock gears 570f are
bevel gears designed to intersect with the main bevel gear 540f. Each lock gear 570f
includes a threaded bore 572f. A lock screw 574f is threadedly engaged with the threaded
bore 572f and configured to translate in the radial direction d3 when the respective lock gear

570f is rotated.

[0269] The mechanism 300f can include a core element 544f that is concentric with the
main bevel gear 540f and disposed between the peripheral lock gears 570f. In some
examples, the core element 544f is attached to the main bevel gear 540f. The core element
544f includes a plurality of axial channels 546f. Each axial channel 546f is configured to
allow free axial movement of a respective actuation member 40 (corresponding to actuation
member 40) extending therethrough. The core element 544f further includes an opening
548f extending radially from each axial channel 546f to the outer circumferential surface of
the core element 544f. The opening 548f is aligned with the lock screw 574f situated in the
threaded bore 572f. The opening 548f is configured to allow passage of the lock screw 574f
therethrough.

[0270] When the lock screw 574f is translated radially inwards in the direction d3, the
lock screw 574f passes through the opening 548f to press against the respective actuation
member 40. The movement of the lock screw 574f in the direction d3 is stopped when the
respective actuation member 40 is pressed against an inner wall of the respective axial
channel 546f such that the actuation member 40 is locked in place and can no longer move
axially relative to the core element 544f. In some examples, the lock screw 574f is provided

with an atraumatic tip to avoid damaging the actuation member 40.

[0271] In some cases, a core element extension 550f extends in a radial direction from the
core element 544f. The core element extension 550f is provided with a threaded extension
bore 552f. A driving screw element 554f is threadedly engaged with the threaded extension
bore 552f such that rotation of the driving screw element 544f translates to axial

displacement of the core element 544f, along with translation of the actuation members 40
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when the actuation members 40 are pinched within the axial channel 546f. Rotating the
driving screw element 554f in a specific direction about its axis of symmetry translates to

simultaneous displacement of all actuation members 40 in the proximal direction.

[0272] In some examples, the driving screw element 554f is operable by the rotatable
knob 122 such that rotation of the rotatable knob 122 is translated to an axial movement of

the driving screw element 554f along with the core element extension 550f.

[0273] In some examples, the handle can include a locking rotatable knob that is rotatable

by a user of the handle and operable to rotate the main bevel gear 540f.

[0274] In some examples, the handle can include a release mechanism that is operable by

the rotatable knob 124 (shown in FIG. 11).

[0275] The release mechanism includes an annular driver gear 344f and a plurality of
driven pinion gears 356f engaged with the annular driver gear 344f. Each driven pinion gear
356f is coupled, directly or indirectly, to a respective actuation member 40 to promote
rotation of the actuation member 40 around the central axis of the actuation member 40 in
response to rotation of the driven pinion gear 356f. The pinion gears 356f can directly mesh
with the internal teeth of the driver gear 344f as shown or can engage the driver gear 344f
via any number of idler gears (such as illustrated with the idler gears 350 shown in FIGS.

29A-29B).

[0276] In some cases, the axial length of the annular driver gear 344f is longer than the
length of each pinion gear 356f, thereby allowing slidable movement of each pinion gear

356f along the length of the annular driver gear 344f.

[0277] When the valve is releasably coupled to the actuation members 40 and placed
within the patient’s body, the positions of the proximal ends of the actuation members 40
within the handle may differ from each other due to the curved pathway along the patient’s
vasculature. The slidable axial movements of the actuation members 40 within the axial
channels 546f and of the pinion gears 356f within the annular gear 344f permit free
repositioning of the proximal portion of each actuation member 40. The length of the driver
gear 344f is defined by the range of allowable or expected positions of the pinion gears 356f,

which may differ according to each patient’s anatomy.

[0278] Once the valve is positioned at the desired implantation site, the main bevel gear
540f can be rotated by manually rotating the locking knob on the handle. Since all the
peripheral lock gears 570 are engaged with the main bevel gear 540f, the peripheral lock
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gears 570 simultaneously rotate as well. Rotation of each of the lock gears 570f results in
displacement of the lock screws 574f radially inwards (i.e., in the direction d3) to pinch and

lock the actuation members 40 relative to the core element 544f.

[0279] Once the actuation members 40 are locked in place, the driving screw element 554f
can be rotated via the rotatable knob 122f, resulting in axial displacement in the proximal
direction of the core element 544f along with the actuation members 40, the peripheral lock
gears 570f, and the main bevel gear 540f. The simultaneous pull of all actuation members
40 along a constant distance results in uniform radial expansion of the valve. The

mechanism formed by the assembly 300f does not require an expansion reel.

[0280]  Once the prosthetic heart valve is expanded, the driver gear 344f can be rotated by
manual rotation of the rotatable knob 124. Since all the pinion gears 356f are engaged with
the driver gear 344f, the pinion gears 356f simultaneously rotate with the driver gear 344f.
Rotation of the pinion gears 356f is in turn translated to disengagement of the actuation

members 40 from the rack members 68 of the lockers/actuators of the valve.

[0281] Additional details regarding the mechanisms described in FIGS. 36A-36E are
elaborated in U.S. Patent Application No. 62/945,039.

[0282] As mentioned above, while all the actuation members 40 are provided with equal
lengths, their proximal portions may end up in different axial positions due to the curved
path of the delivery system, as all actuation members 40 are disposed at different locations
within the lumens of the multi-lumen shaft 22. While several different examples mentioned
above are configured to overcome the differential pathways of the actuation members 40 by
mechanisms that allow axial displacement of the proximal portions of the actuation members
40 within the handle, other examples can provide solutions that rely on the structure of the

multi-lumen shaft itself.

[0283] FIGS. 37A-37C illustrate a twisted multi-lumen shaft 22g that is configured to
overcome differential pathways of actuation members 40. The multi-lumen shaft 22¢g
includes lumens 24a, 24b, 24c. Actuation members 40a, 40b, 40c extend respectively
through lumens 24a, 24b, 24c. The number of lumens in the multi-lumen shaft 22g can

differ from three and may generally match the number of actuation members.

[0284] The path of each lumen 24a, 24b, 24c is twisted along the length of the multi-
lumen shaft 22g such that the actuation members 40a, 40b, 40c are at different positions

relative to each other along the cross-sections of the multi-lumen shaft. The relative
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positions of the lumens 24a, 24b, 24c¢ and the actuation members 40a, 40b, 40c extending
through the lumens vary between the proximal end and the distal end of the multi-lumen
shaft. Advantageously, the twisted paths of the lumens 24a, 24b, 24c result in uniform
lengths of the lumens even when the multi-lumen shaft 22g is bent along the patient’s

vasculature.

[0285] Additional details regarding the twisted multi-lumen shaft are elaborated in are
elaborated in U.S. Patent Application No. 62/945,039, which is incorporated herein by

reference.

[0286] In some cases, when the prosthetic heart valve is delivered to the implantation
location, the lockers/actuators 62 of the prosthetic valve 60 may be oriented such that they
block or interfere with blood flow into the coronary ostia in the vicinity of the aortic
annulus. In these cases, a mechanism that can enable rotation of the prosthetic valve 60 in
order to reorient the lockers/actuators relative to the surrounding anatomy during the

implantation procedure would be advantageous.

[0287] FIG. 38A illustrates a handle 100h including a distal portion 110h and a proximal
portion 112h. The proximal portion 112h is axially movable and rotatable relative to the
distal portion 110h. The proximal portion 112h has a receptacle 541 (shown in FIG. 38B).
In one example, the receptacle 541 is fixedly attached within the proximal handle portion
112 such that there is no relative movement between the receptacle 541 and the proximal
handle portion 112. In another example, the receptacle 541 can be embedded or attached
within an adjustment knob, such as knob 128h, such that an operator of the handle can rotate

the receptacle 541 instead of the whole proximal handle portion 112.

[0288] As shown in FIG. 38B, the receptacle 541 is configured to accept a non-circular
casing 530. For example, the receptacle 541 can include an inner bore or socket 542 that is
sized and shaped to accommodate the non-circular casing 530 such that when the receptacle
541 rotates in one direction, the casing 530 rotates in the same direction. The shaft assembly
11 (see FIG. 38A) can extend into the handle such that the casing 530 is disposed around a
proximal portion of the multi-lumen shaft 22. In some examples, the proximal portion of the
multi-lumen shaft 22 can be fixedly attached to the casing 530 (e.g., by gluing, welding, and
the like) such that there is no relative movement between the multi-lumen shaft 22 and the

casing 530.
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[0289]  FIG. 38C shows the prosthetic valve 60 positioned at an implantation location.
The actuation members 40 extending through the multi-lumen shaft 22 are connected to the
lockers/actuators 62. In this position, if the lockers/actuators 62 need to be repositioned, the
operator can rotate the receptacle 541 (e.g., by rotating the proximal handle portion 112h or
by rotating the adjustment knob 128h), which would rotate the casing 530 and the multi-
lumen shaft 22. Since the actuation members 40 are locked to the prosthetic valve 60, the
valve will rotate as well (e.g., in direction c¢6). The valve 60 can be rotated while in the
compressed state. If needed, the valve 60 can be recompressed prior to rotation. FIGS. 38D
and 38E schematically show the position of three locker/actuators 62a, 62b, 62c of the valve

60 before and after rotation, respectively.

[0290] In some examples, a clicking sound mechanism 501 (shown in FIGS. 38F and
38G) can be provided to add a clicking sound to the rotational movement of the multi-lumen
shaft 22. The clicking sound mechanism 501 can include a proximal protrusion 532 at the
proximal end of the multi-lumen shaft 22. The proximal protrusion 532 can be in the form
of a dimple. The clicking sound mechanism 501 can include a clicking member 520
positioned in opposing relation to the proximal end of the multi-lumen shaft 22. An end face
521 of the clicking member 520 can include a plurality of notches 522, which can be equally
spaced in a circular pattern. Each notch 522 can selectively accommodate the protrusion
532, thereby making a clicking sound when the multi-lumen shaft 22 rotates and the

protrusion 532 flexibly moves over a corresponding one of the series of notches 522.

[0291] While the prosthetic valve 60 is at a desired implantation location within the
patient’s body, the prosthetic valve 60 can be expanded by rotating the rotatable knob 122 to
simultaneously pull the actuation members 40. Once the valve is expanded to a desirable
diameter, the actuation members 40 can be rotated around their axes to release their
respective distal threaded heads 44 from the rack members 68 of the lockers/actuators 62 of

the valve, thereby allowing the delivery apparatus to be removed from the patient’s body.

[0292] During valve expansion, the actuation members 40 are usually tensioned. In order
to initiate a release process, an operator can release the rotatable knob 122 in order to reduce
the tension, which may interfere with the opening torque required to release the actuation
members 40 from the valve. One of the risks associated with such procedures is potential
entanglement of flexible portions of the actuation members within the handle, which might
result in application of an excessive pull force. A further risk is that releasing too much

tension from the actuation members may result in actuation members that are too loose (i.e.,
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not being tensioned at all), which might result in free spinning of the actuation members.
Since the operator may not have an indication of whether the actuation members have been
decoupled from the valve, pulling the delivery apparatus while the actuation members are

still connected to the valve might displace the valve from its implantation position.

[0293] FIGS. 39A-39C illustrate a mechanism 700 that can enable safe retraction of the
actuation members only once the actuation members are fully disconnected from the valve.
The mechanism 700 includes an annular driver gear 702 with internal teeth, first pinion
gears 704 with external teeth, and a second pinion gear 706 with external teeth. Typically,
there will be one pinion gear 704 for each actuation member 40 in the delivery apparatus.
For illustrative purposes, three actuation members 40 and three first pinion gears 704 are
shown. The annular driver gear 702 is configured to drive the first pinion gears 704 and the
second pinion gear 706 directly or via idler gears (e.g., idler gear 705). In one example, the
annular driver gear 702 can be rotated by the rotatable knob 124 (which can operate

similarly to the mechanism shown in FIGS. 29A and 29B).

[0294]  Each of the first pinion gears 704 is coupled to a respective actuation member 40.
For example, each actuation member 40 can extend through and be coupled to a respective
actuation tube 364 as previously described. Each first pinion gear 704 can be disposed
around and coupled to a respective actuation tube 364, thereby coupling the first pinion gear

704 to the actuation member 40.

[0295] The second pinion gear 706 is coupled to a pull plate 708. In one example, the
second pinion gear 706 is disposed around and coupled to a proximal portion of a plate rod
710. The plate rod 710 extends through a slot 712 in the pull plate 708 and includes a thread
714. A nut 716 is threadedly engaged with the plate rod 710 and positioned distal to the pull
plate 708 such that rotation of the plate rod 710 is translated to axial movement of the nut
716 towards the distal end 708a of the pull plate 708. In one example, a spring 718 can be
arranged between the nut 716 and the distal end 708a of the pull plate 708 to enable a

gradual increase in the pull force applied to the pull plate 708 by the nut 716.

[0296] The pull plate 708 is positioned distal to the actuation tubes 364 and includes slots
720 for passage of the portion of the actuation members 40 extending distally from the
actuation tubes 364. The pull plate 708 can slide over the actuation members 40 without
interfering with movement of the actuation members 40. At the same time, the diameters of

the slots 720 that receive the actuation members 40 are selected to be smaller than the
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diameters of the actuation tubes 364 such that once the pull plate 708 contacts the actuation
tubes 364 further axial movement of the pull plate 708 in the proximal direction d1 will pull

all the actuation tubes 364 and the attached actuation members 40.

[0297] The rotatable knob 124 can be rotated to move the pull plate 708 axially. The pull
plate 708 is initially spaced away from the actuation tubes 364 to allow the pull plate 708 to
freely slide along the actuation members 40 without pulling the actuation members 40 or
interfering with their motion, thereby allowing the actuation members 40 to initially rotate
around their axes to be fully released from the valve. After the pull plate 708 contacts the
actuation tubes 364, additional rotation of the rotatable knob 124 will retract the actuation

members 40.

[0298] Advantageously, the mechanism 700 allows the operator to pull the actuation
members 40 from the prosthetic heart valve in a safe manner (i.e., only once the actuation
members 40 are fully released from the prosthetic heart valve). Both the release of the
actuation members 40 from the valve and retraction of the actuation members 40 can be
performed in a continuous manner by operating a single rotatable knob (e.g., rotatable knob
124). Various parameters, such as thread pitch, design and number of idler gears, and the

like, may be adjusted to provide adequate desirable performance of the mechanism.

[0299] The mechanism 700 can be combined with any mechanisms of the handle
described in this disclosure. For example, the portions of the actuation members 40
extending proximally from the actuation tubes 364 can be coupled to the mechanism for
second mechanism 1100 for expanding and compressing the valve described with reference
to FIGS. 17-19. While the actuation members 40 are engaged with the lockers/actuators of
the prosthetic valve 60, the second mechanism 1100 can be operable to expand and/or

compress the valve.

[0300]  After securing the prosthetic heart valve within the patient’s anatomy, the actuation
members are disconnected from the lockers/actuators of the valve so that the delivery
apparatus can be retracted from the patient’s body. It is important to ensure that the
actuation members are completely disengaged from the valve prior to commencing
retraction of the delivery apparatus. The implantation location is typically monitored under
fluoroscopy or another X-ray imaging during an implantation procedure. A clinician can
visually inspect the relatively opaque structures to determine whether the actuation members

have been disconnected from the valve (e.g., by identifying a gap formed therebetween or by
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detecting spontancous lateral movement of the distal ends of the actuation members).
However, this method is rather subjective and can be inaccurate. It would be advantageous
if the delivery apparatus could provide an objective indication when the actuation members
are completely disengaged from the valve. Various mechanisms for detecting
disengagement of actuation members from the locker/actuators of the prosthetic heart valve

are described below.

[0301] FIGS. 40A and 40B illustrate an electrical mechanism 800a that can detect release
of an actuation member 40 from a locker/actuator 62 of the prosthetic valve 60. The
mechanism 800a is based on forming an electrical circuit that is closed when the actuation
member 40 is engaged with the locker/actuator 62 and open when the actuation member 40

is released from the locker/actuator 62.

[0302] In the mechanism 800a, the actuation member 40 includes an electrically
conductive medium 802 and an electrically insulating material (or insulator) 804 disposed
around the electrically conductive medium 802. The electrically conductive medium 802 is
connected to the distal threaded head 44 of the actuation member 40, which is also
electrically conductive. The insulator 804 can extend substantially along the length of the

actuation member 40, leaving the distal threaded head 44 electrically exposed.

[0303] In the state illustrated by FIG. 40A, a proximal portion of the actuation member 40
extends into the handle 100, and the distal threaded head 44 of the actuation member 40 is
threadedly engaged with a threaded bore in the rack member 68 of the locker/actuator 62 of
the valve. The electrically conductive medium 802 is electrically coupled to a power source
806 inside the handle. The sleeve member 34 that is disposed around the actuation member
40 preferably presses against the housing member 64 of the locker/actuator 62 when the
distal threaded head 44 is engaged with the rack member 68, as previously described with
reference to FIG. 6A. The sleeve member 34 can be made of an electrically non-conductive

material.

[0304] The electrically conductive medium 802 is configured to complete an electrical
circuit when the distal threaded head 44 is engaged with the rack member 68. Therefore, it
is possible to determine whether the actuation member 40 is disengaged from the rack
member by monitoring the current flowing through the electrical circuit. A current monitor
(or current sensor) 808 (which can be within the handle 100) monitors the current flowing

through the electrical circuit. In some cases, the current monitor 808 is configured to
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provide an indication when the electrical circuit is open, which would correspond to release
of the distal threaded head 44 from the rack member 68. The indication can be visual (e.g.,

via a digital screen, LED lights, and the like), auditory, and/or haptic.

[0305]  After securing the valve at the implantation location, voltage can be fed to the
electrically conductive medium 802 from the power source 8§06. The voltage can be very
low to minimize any risks to the patient. The actuation member 40 can be disengaged from
the rack member 68 by unscrewing the distal threaded bore 44 from the rack member 68.
The current monitor 808 will detect electrical current if the distal threaded head 44 is
threadedly engaged with the bore of the rack member 68. When the actuation member 40 is
rotated up to the point that the distal threaded head 44 is completely disengaged from the
rack member 68, as shown in FIG. 40B, no current will be detected by the current monitor

808.

[0306] The current monitor 808 can output an indication to the operator of the handle 100
when the actuation member 40 is completely disengaged from the rack member 68.
Preferably, the sleeve member 34 remains pressed against the housing member 64 of the
locker/actuator 62 until the actuation member 40 is completely disengaged from the rack
member 68. When the current monitor 808 indicates that the actuation member 40 is
completely disengaged from the rack member 68, the voltage fed to the actnation member 40
can be turned off, enabling the operator to safely retract both the actuation member 40 and

the sleeve member 34.

[0307] For a valve with multiple lockers/actuators and a delivery apparatus with
corresponding multiple actuation members, it may suffice to monitor disengagement of only
one of the actuation members from the respective locker/actuators of the valve (e.g., in cases
where the actuation members are simultaneously rotated to disengage the actuation members
from the valve). In other cases, the disengagement of each actuation member from the
respective locker/actuator can be monitored as described above. The current signals from

each monitoring can be processed separately or can be combined into a single output.

[0308] FIGS. 41A and 41B illustrate an electrical rotation-counting mechanism 800b that
can detect release of the actuation members 40 from the lockers/actuators 62 of the
prosthetic valve 60. Although the electrical rotation-counting mechanism 820 is described
below for a single actuation member 40, the electrical rotation-counting mechanism 820 is

not limited to a single actuation member 40 and could be implemented for any number of the
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actuation members 40 in the delivery apparatus. The electrical rotation-counting mechanism
800b is based on counting the number of rotations of the actuation member 40 via electrical
means as the actuation member 40 is rotated to unscrew the distal threaded head 44 from the

rack member 68 of the respective locker/actuator 62 of the prosthetic valve 60.

[0309] The electrical rotation-counting mechanism 800b includes a ring member 8§22
having a conductive portion 822a that extends partly along a circumference of the ring and
an insulated portion 822b that extends along the remainder of the circumference. The ring
member 822 is disposed in a recess 8§24 formed in an inner surface of the sleeve member 34
disposed around the actuation member 40. In the electrical rotation-counting mechanism
800b, the sleeve member 34 is made of a non-conductive material, or an electrically

insulating material.

[0310] The actuation member 40 comprises an electrically conductive medium 830 that is
connected to the distal threaded head 44 at one end and to a power source 832 at another
end. The power source 832 can be within the handle 100. A conductive arm 826 extends
laterally from the electrically conductive member 830 at an axial position that is aligned
with the position of the ring member 822 and that is proximal to the distal threaded head 44
of the actuation member 40. The conductive arm 826 is biased against an inner surface 828
of the ring member 822 (e.g., by a spring). The electrically conductive medium 830 is
covered by a non-conductive layer 832 except for the area where the electrically conductive
medium 830 is connected to the conductive arm 826. In addition, the conductive arm 826 is

electrically exposed.

[0311] While the actuation member 40 is rotated around its central axis to unscrew the
distal threaded head 44 from the rack member 68 of the locker/actuator 62 of the valve, the
conductive arm 826 rotates with the actuation member 40. Since the conductive arm 826 is
pressed against the inner surface of the ring member 822 at all times as the actuation
member 40 rotates, electric current is transferred to the conductive portion 822a of the ring
member 822 during a portion of the rotational cycle when the conductive arm 826 contacts
the conductive portion 822a. This results in a “pulsed” electrical current generated during

each rotational cycle of the actuation member 40.

[0312] A plurality of rotational cycles of the actuation member 40 will result in a similar
number of electrical “pulses” conducted by the conductive portion 822a of the ring member

822, which can be transmitted to a counting mechanism in the handle. In one
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implementation the number of rotations required to release the actuation member 40 from
the rack member 68 is known (e.g., the number of rotations may correspond to the number
of threads on the distal threaded head 44). Exceeding this required number of rotations can

indicate release of the actuation member 40 from the rack member 68.

[0313] In one example, a counter 834 within the handle can detect and count the number
of electric pulses and provide an indication when the number of electric pulses exceed a
predetermined threshold correlated to the required number of rotations to release the
actuation member 40 from the rack member 68. The indication can be visual (e.g., via a

digital screen, LED lights, and the like), auditory, and/or haptic.

[0314] FIG. 42 illustrates a magnetic rotation-counting mechanism 800c that can detect
release of the actuation members 40 from the lockers/actuators 62 of the prosthetic valve 60.
Although the magnetic rotation-counting mechanism 800c is described below for a single
actuation member 40, the magnetic rotation-counting mechanism 800c is not limited to a
single actuation member 40 and can be implemented for any number of the actuation
members 40 in the delivery apparatus. The magnetic rotation-counting mechanism 800c is
based on counting the number of rotations of the actuation member 40 via magnetic means
as the actuation member 40 is rotated to unscrew the distal threaded head 44 from the rack

member 68 of the respective locker/actuator 62 of the prosthetic heart valve.

[0315] The magnetic rotation-counting mechanism 800c can include a magnetic ring 842
attached to the actuation member 40 at an axial position that is proximal to the distal
threaded head 44 of the actuation member 40. The magnetic ring 842 comprises at least two
regions provided with opposing polarities (S and N). Alternatively, at least two separate
magnetic elements with opposing polarities can be substituted for the magnetic ring. The

magnetic ring 842 (or magnetic elements) rotate with the actuation member 40.

[0316] The magnetic rotation-counting mechanism 800c includes a magnetic sensor 844
that is axially aligned with the magnetic ring 842 (or magnetic elements). The magnetic
sensor 844 can be attached to the sleeve member 34 disposed around the actuation member
40 (for example, to the outer surface of the sleeve member 34) of the actuation assembly 32.
The magnetic sensor 844 can communicate with a signal counter 846 within the handle 100.
The magnetic sensor 844 senses rotation of the actuation member 40 (e.g., due to the change
in polarity at different phases of the rotation cycle) and generates a corresponding signal,

which is received by the signal counter 846.
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[0317] In one implementation, the number of rotations required to release the actuation
member 40 from the rack member 68 of the respective locker/actuator 62 is known, and the
actuation member 40 considered as released when the number of rotations of the actuation
member 40 exceeds the required number of rotations. In one example, the counter 846
counts the number of signals generated by the magnetic sensor 844 (which are indicative of

the number of complete rotations of the actuation member).

[0318] In one example, the counter 846 is configured to provide an indication when the
number of complete rotations of the actuation member 40 exceeds the required number of
rotations to release the actuation member 40 from the rack member 68. The indication can

be visual (e.g., via a digital screen, LED lights, and the like), auditory, and/or haptic.

[0319] FIG. 43 illustrates an optic rotation-counting mechanism 800d configured to detect
release of the actuation members 40 from the lockers/actuators 62 of the prosthetic valve 60.
Although the optic rotation-counting mechanism 800d is described below for a single
actuation member 40, the optic rotation-counting mechanism 800d is not limited to a single
actuation member 40 and can be implemented for any number of actuation members 40 in
the delivery apparatus. The optic rotation-counting mechanism 800d is based on counting
the number of rotations of the actuation member 40 via optical means as the actuation
member 40 is rotated to unscrew the distal threaded head 44 from the rack member 68 of the

respective locker/actuator 62 of the prosthetic heart valve.

[0320] The optic rotation-counting mechanism 800d can include a housing 862 that is
circumferentially disposed around the actuation member 40 at an axial position that is
proximal to the distal threaded head 44 of the actuation member 40. The housing 862 can be
fixed to the sleeve member 34 disposed around the actuation member 40 such that the
housing 862 can be stationary while the actuation member 40 is rotated. An inner chamber
864 is defined between the housing 862 and the actuation member 40. Preferably, the inner
chamber 864 is hermetically sealed (e.g., by providing seal members 866 in the interface
between the housing 862 and the actuation member 40) to prevent blood flow into the inner

chamber 864.

[0321] The optic rotation-counting mechanism 800d includes a light absorber 868 coupled
to a surface 863 of the actuation member 40 exposed to the inner chamber 864. The light
absorber 868 is coupled to a section of the surface 863 and does not extend around the

circumference of the actuation member 40. The light absorber 868 can be in the form of
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dark markings or other light absorbing structure that can be coupled to the actuation member

40.

[0322] The optic rotation-counting mechanism 800d includes two optic cores 870, 872
extending into the inner chamber 864. The optic cores 870, 872 can extend into the inner
chamber 864 from the handle 100. In one example, the optic cores 8§70, 872 can be provided
as separate optical fibers. In another example, a single optical fiber with two cores can
provide the optic cores 870, 872. The optic core 8§70 can be connected to a light source §74
(which may be within, or otherwise coupled to, the handle 100), and the optical fiber 870
can be connected to a light detector 876 (which may be within, or otherwise coupled to, the

handle 100).

[0323] The optic core 870 is arranged to direct light towards the surface 8§63 of the
actuation member 40 within the inner chamber 864. For example, the end of the optic core
870 inside the inner chamber 864 can be oriented transversely (or radially) to a longitudinal
axis of the actuation member 40. The optic core 872 is arranged to detect light returned
from the surface 863 of the actuation member exposed to the inner chamber 864. The optic

core 872 can have the same orientation as described for the optic core §70.

[0324]  As the actuation member 40 is rotated to unscrew the distal threaded head 44 from
the rack member 68, the optic core 8§70 emits light in a direction towards the rotating surface
863 of the actuation member 40, and the optic core 872 receives light returned from the
rotating surface 863 of the actuation member 40. During each rotational cycle of the
actuation member 40, at a certain rotational angle of the actuation member 40, the light
emitted from the optic core 870 will strike the light absorber 868, and the intensity of the
light returned to the optic core 872 from the light absorber 868 will be correspondingly
reduced. By monitoring the changes in intensity of the light returned to the optic core 8§72
and detected at the light detector 876, it is possible to determine the number of rotations of

the actuation member 40.

[0325] In one implementation, the circuity of the light detector 876 is configured to count
the number of reduced light-intensity phases sensed by the optic core 872 (which are
indicative of the number of complete rotations of the actuation member 40). In one example,
the number of rotations required to release the actuation member 40 from the rack member
68 is known (e.g., based on the number of threads in the distal threaded head 44), and the

circuitry of the light detector 876 is configured to generate an output when the count of
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reduced light-intensity phases sensed from the optic core 872 exceeds the required number

of rotations.

[0326] In one example, the light detector 876 circuity is configured to provide an
indication when the number of complete rotations of the actuation member 40 exceeds the
predetermined required number of rotations to release the actuation member 40 from the
rack member 68. The indication can be visual (e.g., via a digital screen, LED lights, and the

like), auditory, and/or haptic.

[0327] During a valve implantation procedure, a distal gap can form between the
nosecone and the distal end of the prosthetic heart valve after retracting the outer shaft from
the prosthetic heart valve at an implantation location. This can be the case especially for
prosthetic heart valves with relatively large diameters, where the prosthetic heart valve
assumes a pre-expanded or compressed diameter that is somewhat larger than the diameter
of the distal capsule after the outer shaft is retracted. A distal gap creates a discontinuity in
the delivery apparatus that can make it difficult to advance the prosthetic heart valve in the
distal direction if repositioning of the prosthetic heart valve is required. In this case, it may

be desirable to close or minimize the distal gap prior to attempting to reposition the valve.

[0328]  After securing the prosthetic heart valve to the native anatomy, the delivery
apparatus is released from the prosthetic heart valve so that the delivery apparatus can be
withdrawn from the patient’s body. If the nosecone is distal to the prosthetic heart valve
after releasing the delivery apparatus from the prosthetic heart valve, the nosecone will have
to be pulled through the valve in order to withdraw the delivery apparatus from the patient’s
body. While the nosecone is being pulled through the valve, the proximal edges of the
nosecone may contact regions of the expanded prosthetic heart valve, including the distal lip
of the prosthetic heart valve, posing a risk of valve migration as a result of the pull force
exerted on the valve by the nosecone. In this case, it may be desirable to move the nosecone
proximal to the prosthetic heart valve prior to releasing the delivery apparatus from the

valve.

[0329] FIG. 44 illustrates a fourth mechanism 1300 (i.e., a shaft displacement mechanism)
that can be controlled by the slidable knob 136. The fourth mechanism 1300 is configured
to displace the nosecone shaft 56 relative to the handle 100. The mechanism 1300 includes a
slider inner body 137 that is positioned within a proximal portion of the cavity 107 of the
handle 100. The mechanism 1300 includes a slot 140 formed in the housing member 112.
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The slidable knob 136 is positioned to slide along the slot 140 and is coupled to the slider
inner body 137. Movement of the slidable knob 136 along the slot 140 results in

displacement of the slider inner body 137 in the axial direction of the handle.

[0330] The nosecone shaft 56 extends proximally from the multi-lumen shaft 22 and is
coupled to the slider inner body 137 (e.g., by engaging with a recess in the slider inner body
137) such that axial movement of the slider inner body 137 produces axial movement of the
nosecone shaft 56. In one example, movement of the slidable knob 136 within the slot 140
in a distal direction advances the nosecone shaft 56 in the distal direction, and movement of
the knob 136 in a proximal direction retracts the nosecone shaft 56 in the proximal direction.
The nosecone shaft 56 can be advanced or retracted to adjust the position of the nosecone at
the distal end of the nosecone shaft 56 relative to other structures in the delivery assembly,

such as the prosthetic valve 60 or the outer shaft 14.

[0331] A knob locker 138, which is an example of a safety knob, can be coupled to the
slidable knob 136. The knob locker 138 can be adjustable to allow or prevent axial
movement of the slidable knob 136 within the slot 140. The knob locker 138 can be, for
example, a screw. The knob locker 138 can be rotatable in a first direction to engage the
slidable knob 136, thereby applying frictional force to the slidable knob 136 that prevents
axial movement of the slidable knob 136. The knob locker 138 can be rotatable in a second
direction that is opposite to the first direction to space the knob locker 138 radially away
from the slidable knob 136, thereby allowing the slidable knob 136 to freely slide axially
along the slot 140.

[0332] FIGS. 45A-45C show different stages of maneuvering the nosecone 50 via axial
displacement of the nosecone shaft 56. FIG. 45A illustrates two optional positions of the
nosecone 50 relative to the prosthetic valve 60 and the multi-lumen shaft 22 of the delivery
apparatus, wherein the nosecone 50 can be offset radially away from a centerline of
prosthetic valve 60, from a first location of the nosecone 50 and the nosecone shaft 56, to a
second location shown in dashed lines of the nosecone 50" and the nosecone shaft 56'. As
shown in FIG. 45B, retraction of the nosecone 50' in a proximal direction, for example,
during retrieval of the delivery apparatus after the prosthetic valve 60 has been mounted in
place, may result in contact between the nosecone 50' and the distal edge of the valve. FIG.
45B shows a gap g1 that may be formed between the prosthetic valve 60 and the nosecone

50. FIG. 45C shows the nosecone 50 being pulled in the proximal direction d1 (e.g., by
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displacing the nosecone shaft 56 in a proximally oriented direction d1 using the slidable

knob 136) in order to minimize the gap g1.

[0333] FIGS. 46A-46E show stages of a method of controlling the position of the
nosecone 50 to assure safe retrieval of the nosecone 50 after the prosthetic valve 60 is
secured at the implantation location. FIG. 46A shows a first stage of the method were the
nosecone 50 is displaced in a distal direction relative to the expanded prosthetic valve 60
while the prosthetic heart valve is still attached to the delivery apparatus via the actuation
assemblies of the delivery apparatus. FIG. 46B shows a second stage of the method where
the nosecone 50 being pulled in a proximal direction d1 (e.g., by displacing the nosecone
shaft 56 using the slidable knob 136). At this stage, the prosthetic valve 60, expanded
against an aortic annulus, for example, is still attached to the delivery apparatus via the
actuation assemblies. Using the slidable knob 136, the nosecone 50 may be pulled back in a
proximal direction, as shown by arrow 135, through the expanded prosthetic valve 60, until
the nosecone 50 is positioned proximal to the prosthetic valve 60 (e.g., until the nosecone is
positioned between a proximal edge of the prosthetic valve 60 and a distal edge of multi-
lumen shaft 22), as illustrated in FIG. 46C. FIG. 46C shows a third stage of the method
where the prosthetic valve 60 is disengaged from the delivery apparatus. At this stage, since
the nosecone 50 is proximal to the prosthetic valve 60, the nosecone 50 can be retrieved

safely along with the entire delivery apparatus.

[0334] A fourth stage of the method can include using each of the slidable knob 136 and
the rotatable knob 120 (see FIG. 11) to close the gap between the nosecone 50 and the distal
end of the outer shaft 14. For example, as shown in FIG. 46D, the slidable knob 136 can be
operated to displace the nosecone 50 in a distally oriented direction, as shown by the arrow
139, so that the nosecone 50 is distal to the actuation assemblies 32. As shown in FIG. 46E,
the rotatable knob 120 can be operated to displace the outer shaft 14 in a distally oriented
direction, as shown by arrow 141, to extend the outer shaft 14 over the actuation assemblies
32 and the nosecone shaft 56 and close the gap between the nosecone 50 and the distal end
of the outer shaft 14. If needed, the slidable knob 136 can be operated to pull the nosecone
50 in a proximally oriented direction, as shown by arrow 143, to press against the distal end
of the outer shaft 14. Closing or minimizing any gaps between the nosecone 50 and the
distal end of the outer shaft 14 can enable safer and easier retrieval of the delivery apparatus

from the patient’s body.
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[0335] Further details regarding methods in which nosecone displacement can be used can

be found in U.S. Application No. 62/886,677.

[0336] FIG. 47A-47C illustrate another exemplary handle 100a including a distal portion
110a and a proximal portion 112a, which are telescopically movable relative to each other
along a longitudinal axis 101a of the handle. The distal portion 110a and the proximal
portion 112a define a cavity to contain the components of the handle. The handle 100a
includes a rotatable knob 120a, a rotatable knob 122a, a rotatable knob 124a, a fourth knob
126a, which are illustrated as rotatable knobs. The handle 100a can further include a safety
knob 130a and a knob 430a. The knobs 122a, 124a, 126a, 130a, 430a can have the
corresponding functions described for the knobs 122, 124, 126, 130, 430.

[0337] A proximal portion of the shaft assembly 11 extends into the cavity of the handle.
The shaft assembly 11 illustrated by FIGS. 47A-47C includes the outer shaft 14, the
commander shaft 30, and the multi-lumen shaft 22 (as previously shown in FIG. 9A). The
handle 110a includes a mechanism 1000a for retracting the outer shaft 14 and the
commander shaft 30. The mechanism 1000a includes the rotatable knob 120a that is
configured to retract the outer shaft 14. The mechanism 1000a further includes the proximal
ends of the outer shaft 14 and the commander shaft 30 that are coupled to the distal portion
110a such that telescoping movement of the portions 110a, 112a can retract both the outer

shaft 14 and the commander shaft 30.

[0338] In one example, the proximal portion 112a can be held relatively stationary while
the distal portion 110a is moved towards the proximal portion 112a, which would retract
both the outer shaft 14 and the commander shaft 30. For safety purposes, a removable cover
114a can be disposed between the distal portion 110a and the proximal portion 112a to
prevent telescoping movement of the portions 110a, 112a until the telescoping movement is
desired. This can prevent unintentional retraction of the commander shaft 30. When it is
desired to retract the commander shaft 30 (e.g., after an initial retraction of the outer shaft

14), the removable cover 114a can be removed, as shown in FIG. 47C.

[0339] Thus, the rotatable knob 120 and the telescopically movable portions 110a, 112a of
the handle form a two-staged shaft retraction mechanism 1000a configured to retract the
outer shaft 14 and the commander shaft 30. In the first stage, the outer shaft 14 can be
retracted by rotating the rotatable knob 120, while the commander shaft 30, covering the

actuation assemblies 32, is retained in its position to prevent both axial displacement and
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undesired radial expansion of the valve at this stage (as shown in FIG. 9C). In the second
stage, the outer shaft 14 is further retracted together with the commander shaft 30 by

telescopically sliding the portions 110a, 112a of the handle 100a towards each other.

[0340] The handle 100a can be used generally as follows: the distal end of the delivery
apparatus 12, with the prosthetic heart valve encapsulated therein, is inserted into the
patient’s body and advanced through the patient’s vasculature. The fourth knob 126a can be
operated if needed to steer the delivery apparatus 12 through the patient’s vasculature. Once
the prosthetic heart valve is positioned at the desired implantation location, the rotatable
knob 120a is rotated to retract the outer shaft 14 and the distal capsule attached to the outer
shaft 14, exposing the prosthetic heart valve. The commander shaft 30 retains its position at
this state, pressed against the prosthetic heart valve to prevent proximal displacement of the
prosthetic heart valve. Once the outer shaft 14 is sufficiently retracted, relative sliding
movement between the distal portion 110a of the handle 100a is used to retract both the
outer shaft 14 and the commander shaft 30, exposing the actuation assemblies 32 of the

delivery apparatus 12.

[0341] Additional operations with the handle 100a can include operating the rotatable
knob 122a to expand the prosthetic heart valve (e.g., the rotatable knob 122a can be operated
to simultaneously pull the actuation members 40 as previously described) and operating the
rotatable knob 124a to release the actuation members of the delivery apparatus 12 from the
prosthetic heart valve (e.g., the rotatable knob 124a can be operated to simultaneously rotate
the actuation members 40 and thereby unscrew the threaded heads 44 of the actuation
members 40 from the respective rack members 68 of the lockers/actuators 62 of the
prosthetic heart valve as previously described). The delivery apparatus 12 can be withdrawn

from the patient’s body after releasing the actuation members from the valve.

[0342]  FIG. 48 illustrates another exemplary handle 100b including a distal end 102b, a
proximal end 104b, and a longitudinal axis 101b extending from the distal end 102b to the
proximal end 104b and defining an axial direction of the handle. The handle 100b includes
housing members 110b, 112b, 113b, which are coupled together and extend along the
longitudinal axis 101b. The housing members 110b, 112b, 113b define a cavity to contain
the components of the handle. The handle 100b includes a rotatable knob 120b, a rotatable
knob 122b, a rotatable knob 124b, and a fourth knob 126b, which are illustrated as rotatable
knobs. The handle 100b can further include a knob 430. The knobs 122b, 124b, 126b, 430b
can have the corresponding functions described for the knobs 122, 124, 126, 430.
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[0343] A proximal portion of the shaft assembly 11 extends into the cavity of the handle.
The shaft assembly 11 illustrated by FIGS. 48 includes the outer shaft 14, the commander
shaft 30, and the multi-lumen shaft 22 (as previously shown in FIG. 9A). FIGS. 49A-49D
illustrate a two-staged shaft retraction mechanism 1000b that can be used to retract the outer
shaft 14 and the commander shaft 30. In the example illustrated by FIGS. 49A-49D, a first
axially movable component 148b is coupled to the proximal end of the outer shaft 14, and a
second axially movable component 149b is coupled to the proximal end of the commander
shaft 30. The first axially movable component 148b and the second axially movable

component 149b are movable along an inner track 144b formed within the handle 100b.

[0344]  In one example, the first axially movable component 148b can be an internal nut
that is movable along the inner track 144b upon rotation of the rotatable knob 120b (shown
in FIG. 48). The second axially movable component 149b is located proximal to the first
axially movable component 148b and is slidable within the inner track 144b. In some cases,
the mechanism can include a stopping feature 128b positioned to prevent distal displacement
of the second axially movable component 149b beyond a predetermined position. In one
example, the stopping feature 128b can be a rod that is disposed between the second axially

movable component 149b and a distal end 102b of the handle.

[0345]  Since the outer shaft 14 is attached to the first axially movable component 148b,
proximal displacement of the first axially movable component 148b causes the outer shaft 14
to retract. The first axially movable component 148b and the second axially movable
component 149b are configured to contact each other during proximal displacement of the
first axially movable component 148b. For example, an inner surface of the first axially
movable component 148b can be shaped to contact an adjacent outer surface of the second
axially movable component 149b when the first and the second axially movable components

148b, 149b meet each other along the inner track 144b.

[0346] FIG. 49B shows the first axially movable component 148b moving away from a
distal surface 102b of the handle but not yet reaching the second axially movable component
149b. FIG. 49C shows the first axially movable component 148b during a first contact with
the second axially movable component 149b. Further movement of the first axially movable
component 148b after this first contact will result in both first and second axially movable
components 148b, 149b moving in the same proximally oriented direction d1, as shown in
FIG. 49D. Since the commander shaft 30 is attached to the second axially movable

component 149b, proximal displacement of the second axially movable component 149b
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retracts the commander shaft 30 (i.e., pulls the commander shaft 30 in the proximal

direction).

[0347] Rotation of a single knob (e.g., the rotatable knob 120b) retracts the outer shaft 14
to expose the valve, while the commander shaft 30, covering the actuation assemblies 32,
retains its position to prevent both axial displacement and undesired radial expansion of the
valve. Further continuous rotation of the same knob retracts the commander shaft 30 to
expose the actuation assemblies 32. The distance along which the first axially movable
component 148b travels before reaching and contacting the second axially movable
component 149b can be designed to match the amount by which the outer shaft 14 should be
retracted to expose the valve. The distance can be defined, for example, by the stopping

feature 128.

[0348] The two-staged shaft retraction mechanism described with reference to FIGS. 47A-
47C requires an operator to first rotate a knob of the handle to retract the outer shaft 14 and
then telescopically slide portions of the of the handle together to achieve the two-staged
shaft retraction. The two-staged shaft retraction mechanism described with reference to
FIGS. 49A-49D achieves the two-staged retraction in a continuous manner with a single

knob.

[0349] Additional Examples of the Disclosed Technology

[0350] In view of the above described implementations of the disclosed subject matter,
this application discloses the additional examples enumerated below. It should be noted that
one feature of an example in isolation or more than one feature of the example taken in
combination and, optionally, in combination with one or more features of one or more

further examples are further examples also falling within the disclosure of this application.

[0351] EXAMPLE 1: A delivery apparatus for implanting a prosthetic heart valve
comprises one or more shafts and a handle coupled to the one or more shafts, wherein the
handle comprises one or more knobs, one or more adjustment mechanisms, and/or one or
more control mechanisms, wherein the knobs are configured for actuating the one or more
adjustment mechanisms and/or the one or more control mechanisms, wherein the one or
more adjustment mechanisms are configured for moving the shafts relative to each other
and/or relative to the handle, and wherein the one or more control mechanisms are
configured for limiting the direction of movement and/or force applied to the one or more

shafts.
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[0352] EXAMPLE 2: A delivery assembly comprises a delivery apparatus according to
any example herein, particularly example 1, and a prosthetic heart valve coupled to the

delivery apparatus.

[0353] EXAMPLE 3: The delivery assembly of any example herein, particularly example

2, wherein the prosthetic heart valve is a mechanically-expandable prosthetic heart valve.

[0354] EXAMPLE 4: The delivery assembly of any example herein, particularly example
3, wherein the mechanically-expandable prosthetic heart valve comprises a plurality of struts

that are pivotably coupled together.

[0355] EXAMPLE 5: The delivery apparatus of any example herein, particularly any one

of examples 1-4, wherein the one or more knobs of the handle includes 3-4 rotatable knobs.

[0356] EXAMPLE 6: The delivery apparatus of any example herein, particularly any one
of examples 1-5, wherein the one or more knobs of the handle includes exactly three

rotatable knobs.

[0357] EXAMPLE 7: The delivery apparatus of any example herein, particularly any one
of claims 1-5, wherein the one or more knobs of the handle includes exactly four rotatable

knobs.

[0358] EXAMPLE 8: A method of implanting a prosthetic heart valve comprises rotating
a first knob of a handle of a delivery apparatus to retract a first shaft of the delivery
apparatus relative to a prosthetic heart valve; rotating a second knob of the handle to adjust
the radial expansion of the prosthetic heart valve; and rotating a third knob of the handle to

release the prosthetic heart valve from the delivery apparatus.

[0359] EXAMPLE 9: The method of any example herein, particularly example 8, which
further comprises rotating a slidable knob of the handle to adjust the curvature of the first

shaft.

[0360] EXAMPLE 10: An assembly for implanting a prosthetic heart valve comprises a
prosthetic heart valve configured to be moved from a compressed state to an expanded state
and from the expanded state to the compressed state. The assembly further comprises a
delivery apparatus comprising one or more shafts and a handle, wherein the prosthetic heart
valve is releasably coupled to at least one of the one or more shafts of the delivery apparatus,

and wherein the handle is configured for positioning the prosthetic heart valve and for
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adjusting the prosthetic heart valve from the compressed state to the expanded state and

from the expanded state to the compressed state.

[0361] EXAMPLE 11: A delivery apparatus for implanting a prosthetic heart valve
comprises a first shaft comprising a distal end portion and a proximal end portion, wherein
the distal end portion of the first shaft comprises a capsule configured to receive the
prosthetic heart valve in a radially compressed state; a second shaft comprising a distal end
portion and a proximal end portion, wherein the second shaft extends through the first shaft,
wherein the distal end portion of the second shaft is configured for contacting the prosthetic
heart valve; a third shaft comprising a distal end portion and a proximal end portion, wherein
the third shaft extends through the second shaft, wherein the distal end portion of the second
shaft is configured to be releasably coupled to the prosthetic heart valve, and wherein the
first shaft, the second shaft, and the third shaft are axially movable relative to each other;
and a handle comprising a distal portion and a proximal portion, wherein the proximal end
portion of the first shaft and the proximal end portion of the second shaft are coupled to the
distal portion of the handle, wherein the proximal end portion of the third shaft is coupled to
the proximal portion of the handle, wherein the handle is configured for a first mode of
operation and a second mode of operation, wherein in the first mode of operation, the first
shaft is axially movable relative to the second shaft and the third shaft, and wherein in the
second mode of operation, the first shaft and the second shaft are axially movable relative to

the third shaft.

[0362] EXAMPLE 12: The delivery apparatus of any example herein, particularly
example 11, wherein the handle comprises a locking member configured to restrict the

handle from being moved from the first mode of operation to the second mode of operation.

[0363] EXAMPLE 13: The delivery apparatus of any example herein, particularly
example 12, wherein the locking member comprises a cover disposed between the distal

portion of the handle and the proximal portion of the handle.

[0364] EXAMPLE 14: The delivery apparatus of any example herein, particularly any one
of examples 11-13, wherein the handle further comprises a first knob rotatably coupled to
the distal portion of the handle, wherein the handle is configured such that rotating the first
knob relative to the distal portion of the handle results in the first shaft moving axially

relative to the second shaft and the third shaft.
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[0365] EXAMPLE 15: The delivery apparatus of any example herein, particularly any one
of examples 11-14, wherein in the second mode of operation, the handle is configured such
that the distal portion of the handle and the proximal portion of the handle can move axially

relative to each other.

[0366] EXAMPLE 16: The delivery apparatus of any example herein, particularly any one
of examples 11-15, wherein in the second mode of operation, the handle is configured such
that the distal portion of the handle and the proximal portion of the handle can move

telescopically relative to each other.

[0367] EXAMPLE 17: The delivery apparatus of any example herein, particularly any one

of examples 11-16, wherein the handle further comprises a force balancing assembly.

[0368] EXAMPLE 18: The delivery apparatus of any example herein, particularly

example 17, wherein the force balancing assembly comprises one or more pulleys.

[0369] EXAMPLE 19: The delivery apparatus of any example herein, particularly any one

of examples 11-18, wherein the handle further comprises a displacement control mechanism.

[0370] EXAMPLE 20: The delivery apparatus of any example herein, particularly

example 19, wherein the displacement control mechanism comprises a plurality of gears.

[0371] EXAMPLE 21: The delivery apparatus of any example herein, particularly any one

of examples 11-18, further comprises a displacement control mechanism.

[0372] EXAMPLE 22: The delivery apparatus of any example herein, particularly

example 21, wherein the displacement control mechanism comprises a plurality of gears.

[0373] EXAMPLE 23: The delivery apparatus of any example herein, particularly any one
of examples 11-22, wherein the handle further comprises a second knob rotatably coupled to
the proximal portion of the handle, wherein the handle is configured such that rotating the
second knob in a first direction relative to the proximal portion of the handle results in radial
expansion of the prosthetic heart valve, and wherein the handle is configured such that
rotating the second knob in a second direction relative to the proximal portion of the handle

results in radial compression of the prosthetic heart valve.

[0374] EXAMPLE 24: A delivery apparatus for implanting a prosthetic heart valve
comprises a first shaft comprising a distal end portion and a proximal end portion, wherein
the distal end portion of the first shaft comprises a capsule configured to receive the

prosthetic heart valve in a radially compressed state; a second shaft comprising a distal end
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portion and a proximal end portion, wherein the second shaft extends through the first shaft,
wherein the distal end portion of the second shaft is configured for contacting the prosthetic
heart valve; a third shaft comprising a distal end portion and a proximal end portion, wherein
the third shaft extends through the second shaft, wherein the distal end portion of the second
shaft is configured to be releasably coupled to the prosthetic heart valve; and a handle
comprising a main portion and a first knob, wherein the proximal end portions of the first
shaft, the second shaft, and the third shaft are coupled to the main portion of the handle,
wherein the first knob is rotatably coupled to the main portion, wherein the handle is
configured such that rotating the first knob in a first direction from a first rotational position
to a second rotational position relative to the main portion results in axial movement of the
first shaft relative to the second shaft and the third shaft, and wherein the handle is
configured such that rotating the first knob in the first direction from the second rotational
position to a third rotational position relative to the main portion results in axial movement

of the first shaft and the second shaft relative to the third shaft.

[0375] EXAMPLE 25: The delivery apparatus of any example herein, particularly
example 24, wherein the handle further comprises a force balancing assembly disposed in

the main portion and coupled to the second shaft.

[0376] EXAMPLE 26: The delivery apparatus of any example herein, particularly

example 25, wherein the force balancing assembly comprises one or more pulleys.

[0377] EXAMPLE 27: The delivery apparatus of any example herein, particularly any one
of examples 24-26, wherein the handle further comprises a displacement control mechanism

disposed in the main portion and coupled to the second shaft.

[0378] EXAMPLE 28: The delivery apparatus of any example herein, particularly

example 27, wherein the displacement control mechanism comprises a plurality of gears.

[0379] EXAMPLE 29: The delivery apparatus of any example herein, particularly any one
of examples 24-26, which further comprises a displacement control mechanism disposed in

the main portion and coupled to the second shaft.

[0380] EXAMPLE 30: The delivery apparatus of any example herein, particularly

example 29, wherein the displacement control mechanism comprises a plurality of gears.

[0381] EXAMPLE 31: The delivery apparatus of any example herein, particularly any one
of examples 24-30, wherein the handle further comprises a second knob rotatably coupled to

the main portion, wherein the handle is configured such that rotating the second knob in a
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first direction relative to the main portion results in radial expansion of the prosthetic heart
valve, and wherein the handle is configured such that rotating the second knob in a second
direction relative to the main portion results in radial compression of the prosthetic heart

valve.

[0382] EXAMPLE 32: The delivery apparatus of any example herein, particularly any one
of examples 24-31, wherein the handle comprises a first axially movable component and a
second axially movable component, wherein the handle is configured such that the first
axially movable component is spaced apart from and moves axially relative to the second
axially movable component as the first knob is rotated from the first rotational position to
the second rotational position and such that the first axially movable component moves
axially together with the second axially movable component as the first knob is rotated from

the second rotational position to the third rotational position.

[0383] EXAMPLE 33: The delivery apparatus of any example herein, particularly
example 32, wherein the first axially movable component is disposed distally relative to the

second axially movable component.

[0384] EXAMPLE 34: The delivery apparatus of any example herein, particularly any one
of examples 32-33, wherein the first axially movable component moves proximally relative
to the second axially movable component as the first knob move from the first rotational

position to the second rotational position.

[0385] EXAMPLE 35: The delivery apparatus of any example herein, particularly any one
of examples 32-34, wherein the first axially movable component and the second axially
movable component move proximally relative to the main portion as the first knob move

from the second rotational position to the third rotational position.

[0386] EXAMPLE 36: The delivery apparatus of any example herein, particularly any one

of examples 24-35, wherein the first knob is axially fixed relative to the main portion.

[0387] EXAMPLE 37: A delivery apparatus for implanting a prosthetic heart valve
comprises a first shaft having a first end portion and a second end portion; a second shaft
having a first end portion and a second end portion, wherein the second shaft extends
through the first shaft; a nosecone coupled to the first end portion of the second shaft; and a
handle comprising a main portion and an adjustment mechanism, wherein the second end
portion of the first shaft is coupled to the main portion of the handle, wherein the second end

portion of the second shaft is coupled to the adjustment mechanism, and wherein the
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adjustment mechanism is configured such that moving the adjustment mechanism axially
relative to the main portion results in the second shaft moving axially relative to the first

shaft.

[0388] EXAMPLE 38: The delivery apparatus of any example herein, particularly
example 37, wherein the adjustment mechanism comprises a slidable knob extending from

the main body.

[0389] EXAMPLE 39: The delivery apparatus of any example herein, particularly any one
of examples 37-38, wherein the adjustment mechanism comprises a locking member
configured to selectively restrict movement between the adjustment mechanism and the
main portion.

[0390] EXAMPLE 40: The delivery apparatus of any example herein, particularly

example 39, wherein the locking member comprises a rotatable knob.

[0391] EXAMPLE 41: The delivery apparatus of any example herein, particularly any one
of examples 37-40, wherein the main body comprises a slot through which the adjustment

mechanism extends.

[0392] EXAMPLE 42: The delivery apparatus of any example herein, particularly any one

of examples 1-41, wherein the handle further comprises a force limiting assembly.

[0393] EXAMPLE 43: The delivery apparatus of any example herein, particularly any one

of examples 1-42, wherein the handle further comprises an adjustable biasing assembly.

[0394] EXAMPLE 44: The delivery apparatus of any example herein, particularly any one

of examples 1-43, wherein the handle further comprises a force distribution mechanism.

[0395] EXAMPLE 45: The delivery apparatus of any example herein, particularly any one

of examples 1-44, wherein the handle further comprises a displacement control mechanism.

[0396] EXAMPLE 46: The delivery apparatus of any example herein, particularly any one

of examples 1-45, wherein the handle further comprises an expansion limiting mechanism.

[0397] EXAMPLE 47: The delivery apparatus of any example herein, particularly any one
of examples 1-46, wherein the handle further comprises an indicator configured to provide

an indicium of expansion of a prosthetic heart valve.

[0398] EXAMPLE 48: A delivery apparatus for implanting a prosthetic heart valve

comprises a first shaft having a first end portion and a second end portion, wherein the first
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end portion of the first shaft is configured to be releasably coupled to a prosthetic heart
valve; and a handle comprising a main portion, a rotatable knob, and a locking mechanism,
wherein the rotatable knob is rotatably coupled to the main portion and to the second end
portion of the first shaft, wherein the locking mechanism is configured to restrict relative

rotational movement of the rotatable knob and the main portion.

[0399] EXAMPLE 49: The delivery apparatus of any example herein, particularly
example 48, wherein the locking mechanism comprise a first gear, a second gear, a threaded
member, an extension member, and a switch, wherein the first gear is fixedly coupled to the
rotatable knob, wherein the second gear is fixedly coupled to the threaded member and
engaged with the first gear, wherein the extension member extends from the threaded
member and is axially movable relative to the threaded member, wherein the switch is
movable from a locked position to an unlocked position relative to the extension member,
wherein in the locked position, the switch restricts axial movement of the extension member,
and wherein in the unlocked position, the switch allows axial movement of the extension

member.

[0400] EXAMPLE 50: The delivery apparatus of any example herein, particularly
example 49, wherein the switch is a first switch of a plurality of switches, wherein each of
the switches is spaced axially relative to an adjacent switch, and wherein each of the

switches is movable between a locked position and an unlocked position.

[0401] EXAMPLE 51: The delivery apparatus of any example herein, particularly any one
of examples 1-50, wherein the handle further comprises a ratcheting mechanism configured
to selectively allow rotation of a knob relative to the handle in a first rotational direction to

selectively restrict rotation of the knob relative to the handle in a second rotational direction.

[0402] EXAMPLE 52: The delivery apparatus of any example herein, particularly any one
of examples 1-51, wherein the handle further comprises a valve rotation mechanism with a
rotatable knob, wherein the valve rotation mechanism is configured to selectively allow
rotation of a shaft of the delivery apparatus and a prosthetic heart valve releasably coupled to

the shaft to rotate as the rotatable knob is rotated relative to the handle.

[0403] EXAMPLE 53: The delivery apparatus of any example herein, particularly any one
of examples 1-52, wherein the handle further comprises an expansion mechanism
comprising a rotatable knob and a pull plate configured to move axially relative to the

rotated knob as the rotatable knob is rotated.
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[0404] EXAMPLE 54: The delivery apparatus of any example herein, particularly any one
of examples 1-53, which further comprises a current-monitoring mechanism configured for

providing indicia of whether the delivery apparatus is coupled to a prosthetic heart valve.

[0405] EXAMPLE 55: The delivery apparatus of any example herein, particularly
example claim 54, wherein a handle of the delivery apparatus comprises a current monitor
coupled to an electric circuit, where the current monitor senses current when the delivery
apparatus is coupled to the prosthetic heart valve and senses no current when the delivery

apparatus is released from the prosthetic heart valve.

[0406] EXAMPLE 56: The delivery apparatus of any example herein, particularly any one

of examples 1-55, which further comprises a magnetic rotation-counting mechanism.

[0407] EXAMPLE 57: The delivery apparatus of any example herein, particularly any one

of examples 1-56, which further comprises an electric rotation-counting mechanism.

[0408] EXAMPLE 58: The delivery apparatus of any example herein, particularly any one

of examples 1-57, which further comprises an optic rotation-counting mechanism.

[0409] EXAMPLE 59: The delivery apparatus of any example herein, particularly any one
of examples 1-58, wherein the handle comprises one or more of a visual indicator, an
auditory indicator, and a haptic indicator configured to indicate to a user whether the

delivery apparatus is coupled to a prosthetic heart valve.

[0410] EXAMPLE 60: A delivery apparatus for a prosthetic heart valve comprises a
handle having a proximal end, a distal end, and a cavity extending from the proximal end to
the distal end; a plurality of actuation assemblies, each of the actuation assemblies
comprising a movable portion, each movable portion having a proximal end portion
disposed within the cavity and a distal end portion disposed outside of the cavity; a plate
member disposed within the cavity and axially movable relative to the handle, the plate
member having a first state in which the plate member moves freely relative to the movable
portions and a second state in which the plate member engages the movable portions such
that further axial movement of the plate member results in axial displacement of the
movable portions; and a drive assembly operatively coupled to the plate member and

operable to move the plate member axially relative to the handle.

[0411] EXAMPLE 61: The delivery apparatus according to any example herein,
particularly example 60, wherein each of the movable portions comprises an actuation tube

and an actuation member extending through and coupled to the actuation tube, and wherein
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the plate member is positioned distal to the actuation tubes such that axial movement of the
plate member in a direction towards the proximal end of the handle results in contact

between the plate member and the actuation tubes.

[0412] EXAMPLE 62: The delivery apparatus according to any example herein,
particularly example 61, wherein the plate member comprises a plurality of slots for passage

of the actuation members.

[0413] EXAMPLE 63: The delivery apparatus according to any example herein,
particularly any one of examples 61 and 62, wherein the drive assembly comprises a driving
gear operatively engaged with a first driven gear, and wherein the first driven gear is
coupled to the plate member such that rotation of the driving gear results in axial movement

of the plate member relative to the handle.

[0414] EXAMPLE 64: The delivery apparatus according to any example herein,
particularly example 63, wherein the drive assembly further comprises a plurality of second
driven gears operatively engaged with the driving gear, each of the second driven gears
coupled to one of the actuation tubes such that rotation of the driving gear results in rotation

of the actuation members.

[0415] EXAMPLE 65: The delivery apparatus according to any example herein,
particularly example 64, which further comprises a first rotatable knob coupled to the
driving gear, wherein rotation of the first rotatable knob results in rotation of the driving

gear.

[0416] EXAMPLE 66: The delivery apparatus according to any example herein,
particularly any one of examples 61 to 65, which further comprises a second rotatable knob
coupled to the actuation members and the handle, wherein rotation of the second rotatable
knob in a first direction applies a pull force to the actuation members and rotation of the
second rotatable knob in a second direction that is opposite to the first direction releases the

pull force from the actuation members.

[0417] EXAMPLE 67: The delivery apparatus according to any example herein,
particularly example 66, further comprising a pull force mechanism, the pull force
mechanism comprising a reel coupled to the second rotatable knob and to one of the
actuation members, wherein the reel applies the pull force from the second rotatable knob to

the one of the actuation members.
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[0418] EXAMPLE 68: The delivery apparatus according to any example herein,
particularly example 67, wherein the pull force mechanism further comprises one or more
pulleys arranged to distribute the pull force applied to the one of the actuation members

uniformly among the actuation members.

[0419] EXAMPLE 68A: The delivery apparatus according to any example herein,
particularly example 67 or 68, wherein each actuation member comprises a threaded head,
an actuation flexible portion, and an actuation torque-transferring portion extending between
the threaded head and the actuation flexible portion, and wherein the actuation flexible

portion of the one of the actuation members is coupled to the reel.

[0420] EXAMPLE 69: The delivery apparatus according to any example herein,
particularly any one of examples 67, 68, and 68 A, which further comprises a tensioning
assembly coupled to the one of the actuation members, the tensioning assembly comprising

a spring member arranged to apply tension to the one of the actuation members.

[0421] EXAMPLE 69A: The delivery apparatus according to any example herein,
particularly any one of examples 61-69, further comprising: a first sensor member coupled
to at least one of the actuation members and rotatable with the at least one of the actuation
members; a second sensor member positioned to detect changes in a rotational position of
the first sensor member; and circuitry to count a number of rotations of the at least one of the
actuation members from an output of the second sensor member and generate an indication
of response to the number of rotations of the at least one of the actuation members exceeding

a predetermined threshold.

[0422] EXAMPLE 70: The delivery apparatus according to any example herein,
particularly any one of examples 61-69A, further comprising a shaft assembly coupled to the
handle, wherein the shaft assembly comprises: a first shaft axially movable relative to the
handle, the first shaft having a first lumen; and a second shaft extending through the first
lumen, the second shaft having one or more second lumens, wherein the actuation members

extend through the one or more second lumens.

[0423] EXAMPLE 71: The delivery apparatus according to any example herein,
particularly example 70, further comprising: a third shaft extending through one of the one
or more second lumens, the third shaft having a proximal end portion extending into the

cavity, a distal end portion disposed outside the cavity, and a third lumen; and a nosecone
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coupled to the distal end portion of the third shaft, the nosecone having a central opening

aligned with the third lumen for passage of a guidewire.

[0424] EXAMPLE 72: A delivery assembly comprises a delivery apparatus according to
any one of examples 60-71 and a mechanically-expandable prosthetic heart valve
comprising a plurality of actuators operable to adjust a diameter of the prosthetic heart valve,
wherein the movable portions of the actuation assemblies are releasably coupled to the

plurality of actuators and axially movable to operate the plurality of actuators.

[0425] EXAMPLE 73: A method comprises inserting a distal end of the delivery assembly
according to example 72 into a vasculature of a patient; advancing the distal end of the
delivery assembly through the vasculature of the patient to position the prosthetic heart valve
at a select implantation location; disengaging the movable portions of the actuation
assemblies from the actuators of the prosthetic heart valve; axially moving the plate member
relative to the handle until the plate member engages the movable portions of the actuation
assemblies; and pulling the plate member and the movable portions of the actuation
assemblies to retract the movable portions of the actuation assemblies from the prosthetic

heart valve.

[0426] EXAMPLE 74: A delivery apparatus for a prosthetic heart valve comprises a
handle having a proximal end, a distal end, and a cavity extending from the proximal end to
the distal end; an actuation assembly comprising an actuation member and a sleeve member,
the actuation member having a proximal end portion disposed within the cavity and a distal
end portion disposed outside of the cavity, the sleeve member disposed around the distal end
portion of the actuation member; a drive assembly coupled to the proximal end portion of
the actuation member, the drive assembly operable to rotate the actuation member from
within the cavity; a first sensor member coupled to the actuation member and rotatable with
the actuation member; and a second sensor member positioned to detect changes in a

rotational position of the first sensor member.

[0427] EXAMPLE 75: The delivery apparatus according to any example herein,
particularly example 74, wherein the second sensor member comprises a conductive portion,
wherein the first sensor member comprises a conductive arm extending radially from the at
least one actuation member, and wherein the conductive arm contacts the conductive portion

during a portion of each rotational cycle of the actuation member.
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[0428] EXAMPLE 76: The delivery apparatus according to any example herein,
particularly example 75, wherein the second sensor member further comprises a non-
conductive portion, and wherein the first sensor member contacts the non-conductive portion

during a remaining portion of each rotational cycle of the at least one actuation member.

[0429] EXAMPLE 77: The delivery apparatus according to any example herein,
particularly any one of examples 75-76, wherein the second sensor member is mounted in a

recess in the sleeve member.

[0430] EXAMPLE 78: The delivery apparatus according to any example herein,
particularly example 74, wherein the first sensor member comprises at least two magnetic
regions with opposing polarities, and wherein the second sensor member comprises a
magnetic sensor positioned to detect changes in a magnetic field produced by the at least two

magnetic regions.

[0431] EXAMPLE 79: The delivery apparatus according to any example herein,
particularly example 74, wherein the first sensor member comprises a light absorbing
material disposed on a portion of a surface of the actuation member, and wherein the second
sensor member comprises a first optic core positioned to emit light towards the surface of
the actuation member and a second optic core positioned to receive light returned from the

surface of the actuation member.

[0432] EXAMPLE 80: The delivery apparatus according to any example herein,
particularly any one of examples 74-79, which further comprises circuitry to count a number
of rotations of the actuation member from an output of the second sensor member and
generate an indication in response to the number of rotations of the actuation member

exceeding a predetermined threshold.

[0433] EXAMPLE 81: The delivery apparatus of any example herein, particularly any one

of examples 76 to 80, wherein the drive assembly comprises a gear train.

[0434] EXAMPLE 82: A delivery apparatus for a prosthetic heart valve comprises a
handle having a proximal end, a distal end, and a cavity extending from the proximal end to
the distal end; an actuation assembly comprising an electrically conductive actuation
member and a sleeve member, the actuation member having a proximal end portion disposed
within the cavity and a distal end portion disposed outside of the cavity, the sleeve member
disposed around the distal end portion of the actuation member; a drive assembly coupled to

the actuation members and the handle, the drive assembly operable to rotate the actuation
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members from within the cavity; an electrical circuit having an electrical transmission path
comprising the handle and the electrically conductive actuation member, wherein the
electrical circuit has an open state correspond to the electrically conductive actuation
member being engaged with the prosthetic heart valve and a closed state corresponding to
the electrically conductive actuation member being disengaged from the prosthetic heart
valve; and a current sensor coupled to the electrical circuit to detect an electrical state of the

electrical circuit.

[0435] EXAMPLE 83: A delivery apparatus for a prosthetic heart valve comprises a
handle comprising a proximal portion, a distal portion, and a longitudinal axis, the proximal
portion and the distal portion telescopically movable relative to each other along the
longitudinal axis; a first shaft coupled to the distal portion and having a first lumen; a second
shaft extending through the first lumen and coupled to the distal portion such that relative
movement between the proximal portion and the distal portion results in axial movement of
both the first shaft and the second shaft; and a knob coupled to the first shaft, wherein
rotation of the knob moves the first shaft axially relative to the handle and independently of

the second shaft.

[0436] EXAMPLE 84: A delivery apparatus for a prosthetic heart valve comprises a
handle comprising an inner track; a first movable component positioned along the inner
track and axially movable along the inner track; a first shaft having a proximal end and a
distal end, the proximal end of the first shaft coupled to the first movable component; a
second movable component positioned along the inner track and axially movable along the
inner track; a second shaft having a proximal end and a distal end, the proximal end of the
second shaft coupled to the second movable component; and a knob coupled to the first
movable component and rotatable to move the first movable component along the inner
track; wherein the first movable component is axially movable along the inner track between
a first position in which the first movable component is axially separated from the second
movable component and movement of the first movable component along the inner track
results only in movement of the first shaft and a second position in which the first movable
component engages the second movable component and movement of the first movable

component results in movement of both the first shaft and the second shaft.

[0437] EXAMPLE 85: A delivery apparatus for a prosthetic heart valve comprises a
handle; a first shaft having a first end portion, a second end portion, and a first lumen

extending from the first end portion to the second end portion, wherein the first end portion
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is coupled to the handle; a second shaft having a first end portion, a second end portion, and
one or more second lumens, the second shaft extending through the first shaft; a third shaft
extending through one of the one or more second lumens; and a slider mechanism coupled to
the handle and the third shaft and operable to displace the third shaft axially relative to the
handle.

[0438] EXAMPLE 86: A delivery apparatus for a prosthetic heart valve comprises a
handle having a first portion and a second portion, the second portion rotatable and slidable
relative to the first portion; a receptacle formed within the second portion and rotatable with
the second portion; a shaft having a first end portion, a second end portion, and one or more
lumens, the first end portion of the shaft received within the receptacle; and a plurality of
actuation members extending through the one or more lumens of the shaft, wherein the

plurality of actuation members are rotatable by rotation of the receptacle.

[0439] EXAMPLE 87: The delivery apparatus according to any example herein,
particularly example 86, which further comprises a knob coupled to the receptacle, wherein

the receptacle is rotatable by rotation of the knob.

[0440] EXAMPLE 88: The delivery apparatus according to any example herein,
particularly any one of examples 86-87, which further comprises a non-circular casing that
mates with a socket within the receptacle, wherein the first end portion of the handle is

coupled to the non-circular casing.

[0441] EXAMPLE 89: A delivery apparatus for a prosthetic heart valve comprising: a
handle having a proximal portion, a distal portion, and a cavity extending from the proximal
portion to the distal portion, the proximal portion having a slot formed therein; a slidable
knob slidably engaged with the slot; a multi-lumen shaft having a proximal end portion, a
distal end portion, and a plurality of first lumens, the proximal end portion of the multi-
lumen shaft disposed within the cavity; and a first shaft extending through one of the first
lumens, the first shaft having a proximal end portion and a distal end portion, the proximal
end portion of the first shaft coupled to the slidable knob, wherein movement of the slidable

knob along the slot results in axial displacement of the first shaft relative to the handle.

[0442] EXAMPLE 90: The delivery apparatus according to any example herein,
particularly example 89, further comprising a slider inner body disposed within the cavity,

wherein the slidable knob is coupled to the slider inner body.
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[0443] EXAMPLE 91: The delivery apparatus according to any example herein,
particularly example 90, wherein the slider inner body comprises a recess, and wherein the

proximal end portion of the first shaft is received in the recess.

[0444] EXAMPLE 92: The delivery apparatus according to any example herein,
particularly any one of examples 1 to 3, further comprising a nosecone coupled to the distal

end portion of the first shaft.

[0445] EXAMPLE 93: The delivery apparatus according to any example herein,
particularly any one of examples 1 to 4, further comprising an outer shaft having a proximal
end portion, a distal end portion, and a second lumen, wherein the multi-lumen shaft extends

through the second lumen.

[0446] EXAMPLE 94: The delivery apparatus according to any example herein,
particularly example 5, further comprising a drive assembly coupled to the handle and the
proximal end portion of the outer shaft, the drive assembly comprising a lead member
rotatably supported within the cavity, wherein rotation of the lead member results in axial

movement of the outer shaft relative to the handle.

[0447] EXAMPLE 95: The delivery apparatus according to any example herein,
particularly example 94, further comprising a rotatable knob coupled to the lead member,

wherein rotation of the rotatable knob results in rotation of the lead member.

[0448] EXAMPLE 96: The delivery apparatus according to any example herein,
particularly example 94 or 95, wherein the drive assembly further comprises a nut
threadedly engaged with the lead member and having a bore to receive the proximal end
portion of the outer shaft, wherein rotation of the lead member results in axial movement of

the nut and outer shaft.

[0449] EXAMPLE 97: The delivery apparatus according to any example herein,
particularly example 96, wherein the drive assembly further comprises an axial guide

positioned to guide movement of the nut in an axial direction.

[0450] EXAMPLE 98: The delivery apparatus according to any example herein,
particularly example 96 or 97, further comprising a guide head disposed within the cavity,

the guide head having a bore to receive the proximal end portion of the multi-lumen shaft.
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[0451] EXAMPLE 99: The delivery apparatus according to any example herein,
particularly example 98, further comprising a flushing port fluidly connected to the bore in

the guide head, the flushing port extending outside of the handle.

[0452] EXAMPLE 100: The delivery apparatus according to any example herein,
particularly example 98, further comprising a load cell positioned in contact with the guide

head to measure a force transmitted through the multi-lumen shaft.

[0453] EXAMPLE 101: A delivery apparatus for a prosthetic heart valve, the delivery
apparatus comprising: a handle having a proximal portion, a distal portion, and a cavity
extending from the proximal portion to the distal portion; a multi-lumen shaft having a
proximal end portion, a distal end portion, and a plurality of first lumens, the proximal end
portion of the multi-lumen shaft disposed within the cavity; a plurality of actuation members
extending through one or more of the first lumens, each of the actuation members having a
distal threaded head, a proximal actuation flexible portion, and an actuation torque-
transferring portion extending between the distal threaded head and the proximal actuation
flexible portion; a recompression member extending through one of the first lumens; and a
pull force mechanism disposed at least partially within the cavity, the pull force mechanism
coupled to the proximal actuation flexible portions and the recompression member, the pull
force operable to apply a pull force to the proximal actuation flexible portions in a first mode

and apply the pull force to the recompression member in a second mode.

[0454] EXAMPLE 102: The delivery apparatus according to any example herein,
particularly example 101, further comprising a first rotatable knob coupled to the pull force
mechanism, wherein rotation of the first rotatable knob in a first direction applies the pull
force to the proximal actuation flexible portions and rotation of the first rotatable knob in a
second direction that is opposite to the first direction applies the pull force to the

recompression member.

[0455] EXAMPLE 103: The delivery apparatus according to any example herein,
particularly any one of examples 101 and 102, further comprising a gear mechanism coupled
to the plurality of actuation members and operable to simultaneously rotate the plurality of

actuation members.

[0456] EXAMPLE 104: The delivery apparatus according to any example herein,
particularly example 103, further comprising a second rotatable knob engaged with the gear

mechanism, wherein rotation of the second rotatable knob operates the gear mechanism.
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[0457] The features described herein regarding any example can be combined with other
features described in any one or more of the other examples, unless otherwise stated. For
example, any example comprising a force control mechanism (and/or any component
thereof) can be combined with any example comprising a displacement control mechanism

(and/or any component thereof).

[0458] In view of the many possible ways in which the principles of the disclosure may be
applied, it should be recognized that the illustrated configurations depict examples of the
disclosed technology and should not be taken as limiting the scope of the disclosure nor the
claims. Rather, the scope of the claimed subject matter is defined by the following claims

and their equivalents.
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CLAIMS

1. A delivery apparatus for a prosthetic heart valve, the delivery apparatus
comprising:

a handle having a proximal end, a distal end, and a cavity extending from the
proximal end to the distal end;

a plurality of actuation assemblies, each of the actuation assemblies comprising a
movable portion, each movable portion having a proximal end portion disposed within the
cavity and a distal end portion disposed outside of the cavity;

a plate member disposed within the cavity and axially movable relative to the
handle, the plate member having a first state in which the plate member moves freely
relative to the movable portions and a second state in which the plate member engages the
movable portions such that further axial movement of the plate member results in axial
displacement of the movable portions; and

a drive assembly operatively coupled to the plate member and operable to move the

plate member axially relative to the handle.

2. The delivery apparatus of claim 1, wherein each of the movable portions
comprises an actuation tube and an actuation member extending through and coupled to
the actuation tube, and wherein the plate member is positioned distal to the actuation tubes
such that axial movement of the plate member in a direction towards the proximal end of

the handle results in contact between the plate member and the actuation tubes.

3. The delivery apparatus of claim 2, wherein the plate member comprises a

plurality of slots for passage of the actuation members.

4. The delivery apparatus of either claim 2 or claim 3, wherein the drive
assembly comprises a driving gear operatively engaged with a first driven gear, and
wherein the first driven gear is coupled to the plate member such that rotation of the

driving gear results in axial movement of the plate member relative to the handle.

5. The delivery apparatus of claim 4, wherein the drive assembly further
comprises a plurality of second driven gears operatively engaged with the driving gear,
each of the second driven gears coupled to one of the actuation tubes such that rotation of

the driving gear results in rotation of the actuation members.
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6. The delivery apparatus of claim 5, further comprising a first rotatable knob
coupled to the driving gear, wherein rotation of the first rotatable knob results in rotation

of the driving gear.

7. The delivery apparatus of any one of claims 2 to 6, further comprising a
second rotatable knob coupled to the actuation members and the handle, wherein rotation
of the second rotatable knob in a first direction applies a pull force to the actuation
members and rotation of the second rotatable knob in a second direction that is opposite to

the first direction releases the pull force from the actuation members.

8. The delivery apparatus of claim 7, further comprising a pull force
mechanism, the pull force mechanism comprising a reel coupled to the second rotatable
knob and to one of the actuation members, wherein the reel applies the pull force from the

second rotatable knob to the one of the actuation members.

9. The delivery apparatus of claim 8, wherein the pull force mechanism further
comprises one or more pulleys arranged to distribute the pull force applied to the one of

the actuation members uniformly among the actuation members.

10.  The delivery apparatus of either claim 8 or claim 9, wherein each actuation
member comprises a threaded head, an actuation flexible portion, and an actuation torque-
transferring portion extending between the threaded head and the actuation flexible
portion, and wherein the actuation flexible portion of the one of the actuation members is

attached to the reel.

11.  The delivery apparatus of any one of claims 8 to 10, further comprising a
tensioning assembly coupled to the one of the actuation members, the tensioning assembly
comprising a spring member arranged to apply tension to the one of the actuation

members.

12.  The delivery apparatus of any one of claims 2 to 11, further comprising:

a first sensor member coupled to at least one of the actuation members and
rotatable with the at least one of the actuation members;

a second sensor member positioned to detect changes in a rotational position of the

first sensor member; and
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circuitry to count a number of rotations of the at least one of the actuation members
from an output of the second sensor member, wherein the circuitry outputs an indication in
response to the number of rotations of the at least one of the actuation members exceeding

a predetermined threshold.

13.  The delivery apparatus of any one of claims 2 to 12, further comprising a
shaft assembly coupled to the handle, wherein the shaft assembly comprises:

a first shaft axially movable relative to the handle, the first shaft having a first
lumen; and

a second shaft extending through the first lumen, the second shaft having one or
more second lumens, wherein the actuation members extend through the one or more

second lumens.

14.  The delivery apparatus of claim 13, further comprising:

a third shaft extending through one of the one or more second lumens, the third
shaft having a proximal end portion extending into the cavity, a distal end portion disposed
outside the cavity, and a third lumen; and

a nosecone coupled to the distal end portion of the third shaft, the nosecone having

a central opening aligned with the third lumen for passage of a guidewire.

15. A delivery assembly comprising:

the delivery apparatus of any one of claims 1-14; and

a mechanically-expandable prosthetic heart valve comprising a plurality of
actuators operable to adjust a diameter of the prosthetic heart valve,

wherein the movable portions of the actuation assemblies are releasably coupled to

the plurality of actuators and axially movable to operate the plurality of actuators.

16. A method comprising:

inserting a distal end of the delivery assembly according to claim 15 into a
vasculature of a patient;

advancing the distal end of the delivery assembly through the vasculature of the
patient to position the prosthetic heart valve at a select implantation location;

disengaging the movable portions of the actuation assemblies from the actuators of

the prosthetic heart valve;
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axially moving the plate member relative to the handle until the plate member
engages the movable portions of the actuation assemblies; and
pulling the plate member and the movable portions of the actuation assemblies to

retract the movable portions of the actuation assemblies from the prosthetic heart valve.
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