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VALVE DIAMETER AND FORCE MONITORING OF A PROSTHETIC HEART
VALVE

CROSS-REFERENCE TO RELATED APPLICATIONS
f001] This application claims the benefit of U.S. Provisional Application 62/893,084 filed
on August 28, 2019 and U.S. Provisional Application 62/752,898 filed on October 30, 2018,

both of which arc incorporated by reference herein in their entirety.

FIELD
{002] The present disclosure relates to measurement devices for monttoring the diameter
and radial foree of implantable, mechamically expandable prosthetic devices, such as

prosthetic heart valves.

BACKGROUND
{0031 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 a number of
known repair devices {¢.g., stents} and artificial valves, as well as a number of known
methods of implanting these devices and valves in homans. Percutanecous and minimally-
invasive surgical approaches are used in various procedures to deliver prosthetic medical
devices to locations mside the body that are not readily accessible by surgery or where access
without surgery 1s destrable. In one specific example, a prosthetic heart valve can be
mounted in a crimped state on the distal end of a delivery device and advanced through the
patient’s vasculature {(e.g., through a femoral artery and the aorta) until the prosthetic valve
reaches the implantation site in the heart. The prosthetic valve is then expanded to its
functional size, for example, by inflating a balloon on which the prosthetic valve is mounted,
actuating a mechanical actuator that applics an expansion force to the prosthetic valve, or by
deploying the prosthetic valve from a sheath of the delivery device so that the prosthetic
valve can self-expand to its functional size.
{004] Prosthetic valves that rely on a mechanical actuator for expansion can be referred to
as “mechanically expandable” prosthetic heart valves. The actuator typically takes the form
of pull cables, sutures, wires and/or shafts that are configured to transmit expansion forces

from a handle of the delivery apparatus to the prosthetic valve.
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[005] When deploving a prosthetic valve, it is important to avoid exerting excessive radial
force on the native annulus of the patient, which can rupture the native heart valve annulus.
To avoid damage to the native tissue, it is desirable to monitor the diameter of the prosthetic

valve and/or the radial force exerted by the prosthetic valve during deplovment.

[006] Unfortunately, known methods for measuring diameter and radial force suffer from
several problems. For example, measurement devices placed in or around the prosthetic

valve can affect the crimp profile of the valve. Measurement methods relying on measuring
the displacement of an actuation mechanism fail to account for factors such as compression
of the delivery device and/or elongation of the actuation mechanism under tension. Thus,

there remains a need for improved devices and methods for monitoring the diameter and

radial force of transcatheter heart valves during implantation.

SUMMARY
f007] Described heren are embodiments of measurement devices for use with delivery
assemblies that implant prosthetic devices. The measurement devices are prnimarity mtended
to monitor the real-time diameter and/or radial force of a prosthetic device. The
measurement devices can be used with a delivery apparatus to help ensure proper

mmplantation of a prosthetic device within a defective native valve.

[008] In a representative cmbodiment, a medical asserbly can comprise a prosthetic heart
valve and a delivery apparatus. The prosthetic heart valve can be radially expandable and
compressible between a radially compressed configuration and a radally expanded
configuration. The delivery apparatus can comprise a handle, at least one first actuator
extending from the handle and coupled to a proximal end portion of the prosthetic valve, and
at feast one second actuator extending from the handle and coupled to a distal end portion of
the prosthetic valve. The at least one first actuator 1s configured to apply a distally directed
force to the proximal end portion of the prosthetic valve. The at least one second actuator is
configured to apply a proximally directed force to the distal end portion of the prosthetic
valve. In some embodiments, the at least one second actuator of the delivery apparatus can

extend through the at least one first actuator.

{0091 The delivery apparatus further comprises a sensor, a first motion-transmitting
member, and a second motion-transmitting member. The first motion-transmitting member

has a distal end portion coupled to the at least one first actuator and a proximal end portion
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coupled to the sensor. The second motion-transmitting member has a distal end portion
coupled to the at least one second actuator and a proximal end coupled to the sensor. The
prosthetic heart valve is radially expandable from the radially compressed configuration to
the radially expanded configuration upon actuation of the at lcast one first actuator and/or the
at least one second actuator to apply a distally directed force and/or a prosumally directed
force, respectively, to the prosthetic heart valve. The sensor senses relative movement
between the first and second motion-transmitting members upon actuation of the at least one
first actuator and the at least one second actuator to deternune the diameter of the prosthetic

heart valve as it is expanded.

[010] In some embodiments, the sensor is a linear displacement sensor. In some
embodiments, the Inear displacement sensor can be a linear vanable differential transformer

(LVDT), an optical linear encoder, or a combination thereof.

[011] TThe delivery apparatus can further comprise a load cell coupled to a proximal end
portion of the at least one second actuator. The load cell is configured to measure tensile
force in the second actuator as the prosthetic valve expands. In some embodiments, the load
cell can be disposed within the handle. In some cmbodiments, the load celicanbe a
compression load cell, a strain gauge load cell, a piezoelectric load cell, a pneumatic load

cell, a hvdraulic load cell, or a combination thereof.

{012} The medical assembly can further comprise a control unit in conununication with the
sensor and/or the load cell. The control unit 1s configured to calculate at least one of the real-
time radial force and the real-time diameicr of the prosthetic valve. In some embodiments,
the control unit can comprise a display configured to display to a user at least onc of the real-
time radial force and the real-time diameter of the prosthetic valve. Tn some embodiments,
the control unit can control the first and second actuators to expand the prosthetic valve

according 1o a preprogrammed expansion algorithm.

[013] In some embodiments, the prosthetic heart valve can comprise at least one push-pull
actuator assembly. The push-pull actuator assembly can comprise a first member attached o
the proximal end portion of the prosthetic heart valve and a second member attached to a
distal end portion of the prosthetic heart valve. The first actuator of the delivery apparatus
can be releasably coupled to the first member and the second actuator of the delivery

apparatus can be releasably coupled to the second member.
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[014] In some embodiments, the first and second motion-transmitting members can
comprise first and second wires. In some embodiments, the first and second motion-
transmitiing members extend the majority of the lengths of the first and second actuators,
respectively. In some embodiments, the distal end portions of the first and second motion-
transmitting members are affixed to the first and second actuators, respectively, at respective

locations adjacent the prosthetic heart valve.

[015] In another representative embodiment, a delivery apparatus comprises a handle, at
least one first actuator, and at least one second actuator. The first actuator extends from the
handle and is configured to apply a distally directed force to a proximal end portion of a
prosthetic heart valve. The second actuator extends from the handle and is configured to
apply a proximally directed force to a distal end portion of the prosthetic heart valve. The
proxtmally and/or distally directed forces applied by the actoators can be used to radially

expand the prosthetic heart valve.

[016] TThe delivery apparatus further comprises a first motion-transmitting member and a
second motion-transmitting member, a sensor, and a control unit in communication with the
sensor. The first motion-transmitting member has a distal end portion coupled to the first
actuator and a proximal end portion coupled to the sensor. The second motion-transmitting
member has a distal end portion coupled to the second actuator and a proximal end portion
coupled to the sensor. The sensor is configured to sense relative movement between the first
and second motion-transmitting members upon actuation of the first and/or second actuators.
In some embodiments, the sensor is a hinear displacement sensor. The control umit
determines the real-time diameter of the prosthetic heart valve as it expands from a radially
compressed configuration to a radially expanded configuration based on the relative

movement between the first and second motion-transmitting members.

1017]  In some embodiments, the delivery apparatus can further comprise a load cell
operatively coupled to the second actuator. The load cell can be configured to measure
tension in the second actuator as the prosthetic valve expands. In some embodiments, the
control unit can be configured to calculate the real-time radial force of the prosthetic valve
based on the tension of the second actuator. In some embodiments, the control unit can
further comprise a display configured to display to a user at least one of the real-time radial

force and the real-time diameter of the prosthetic valve.
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[018] In some embodiments, the first and second motion-transmitiing members can
compnise first and second wires extending the majority of the lengths of the first and second

actuators.

{0191 A representative method for tmplanting a prosthetic valve comprises inserting into the
body of a patient a distal end portion of a delivery apparatus and a radially compressed
prosthetic heart valve coupled to the distal end portion of the delivery apparatus. The
delivery apparatus comprises a handle, at least one first actuator, and at least one second
actuator. The first actuator extends from the handle and is configured to apply a distally
directed force to the proximal end portion of the prosthetic valve. The second actuator
extends from the handle and is configured to apply a proximally directed force to the distal
end portion of the prosthetic valve. The delivery apparatus further comprises a sensor, a first
motion-transmitting member, and a second motion-transmitting member. The first motion-
transmitting member has a distal end coupled to the first actuator and a proximal end coupled
to the sensor. The second motion-transmitting mermber has a distal end coupled to the second

actuator and a proximal end coupled to the sensor.

{020] The method further comprises advancing the delivery apparatus distally until the
prosthetic valve is disposed at a selected implantation site and radially expanding the
prosthetic heart valve by at least one of advancing the first actuator distally and retracting the
second actuator proximally. As the prosthetic heart valve is expanded, the method further
comprises using the sensor to sense the relative displacement between the proximal end
portions of the first and second motion-transmitting members and calculating a real-time
diameter of the prosthetic heart valve based on the relative displacement between the first and

sccond motion-transmitiing members.

{0211 In some embodiments, the method can further comprise measuring the radial force of
the prosthetic valve against surrounding tissue during cxpaasion of the prosthetic heart valve.
The radial force can be measured using a load cell coupled to the at least one second actuator.
The method can further comprise displaving at least one of the real-time diameter and the
radial force of the prosthetic heart valve on a display umit.

{022] 1o another representative embodiment, a delivery apparatus comprises a handle, at
least one first actuator, and at least one second actuator. The first actuator extends from the

handie and is configured to apply a distally directed force to a proximal end portion of a
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prosthetic heart valve. The second actuator extends from the handle and is configured to
apply a proxamally directed force to a distal end portion of the prosthetic heart vaive. The
distally and/or proximally directed forces are used to radially expand the prosthetic heart
valve. The delivery apparatus further comprises a load cell operatively connected to eithera
proximal end portion of the first actuator or a proximal end portion of the second actuator.
The load cell is configured to measure a load on either the first actuator or the second
actuator. The delivery apparatus further comprises a control unit in communication with the
load cell. The control unit is configured to calculate the radial force applied by the prosthetic

heart valve against the surrounding tissue based on the load measured by the load cell.

10231 In some embodiments, the delivery apparatus can further comprise a sensor, a first
motion transmitting member, and a second motion transmitiing member. The sensor can be
in communication with the control anit. The first motion-transmitting member can have a
distal end portion coupled to the at least one first actuator and a proximal cnd coupled to the
sensor. The second motion-transmitting member can have a distal end portion coupled to the
at feast one second actuator and a proximal end coupled to the sensor. The sensor can sense
relative movement between the first and second motion-transmitting members upon actuation
of the first and second actuators. The control unit can determine a real-tine diameter of the
prosthetic heart valve as it expands from a radially compressed configuration to a radially
expanded configuration based on the refative movement between the first and second motion-

transmitting members.

[024] In vet another representative embodiment, a prosthetic heart valve assembly can
comprise a prosthetic heart valve movable between a radially compressed configuration and a
radially expanded configuration, and a delivery apparatus. The delivery apparatus can
comprise a handle comprising a light source and a receiving element, a first actuator
extending from the handle and coupled to a first portion of the prosthetic heart valve, wherein
the first actuator is configured to apply a distally directed force to the first portion of the
prosthetic valve, a second actuator extending from the handle and coupled to a second portion
of the prosthetic valve, wherein the actuator 1s configured to apply a proximally directed
force to the second portion of the prosthetic valve, a sensor, a first optical fiber, and a second
optical fiber. The sensor can be coupled to a distal end portion of the first actuator and can

comprise a housing. The first optical fiber can extend through the housing and can bave a
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proxamal end portion coupled to the light source and a distal end portion coupled to the
second actuator. The second optical fiber can have a proximal end portion coupled to the
receiving element and a distal end portion extending into the housing. The prosthetic heart
valve can be radially expandable from the radially compressed configuration to the radially
expanded configuration upon applying the distally directed force and the proximally directed
force to the prosthetic heart valve with the first and second actuators, respectively. The
sensor can sense relative movement between the first optical fiber and the housing upon
actuation of at least one of the first actuator and the second actuator to determine the diameter

of the prosthetic heart valve as it is expanded.

{0251 In some embodiments, the housing can define a recess and the sensor further
comprises an optical coupler disposed within the recess and configured to couple hight
emitted by the first fiber into the second fiber. In some embodiments, the optical coupler
comprises a reflective metal. In other embodiments, the optical coupler can comprise a cut

portion of the sccond fiber,

{0261 In some embodiments, the first fiber comprises a plurality of aliernating marked
portions and exposed portions, the exposed portions heing configured to emit light and the
marked portions being configured to prevent light from being emitted. As the first fiber
moves relative to the housing the alternating marked and exposed portions can produce a
fight pattern. The sensor can be configured to determine the diameter of the prosthetic valve

as it is expanded based at least in part on the light pattern.

{0271 In some embodiments, the first fiber can comprise a phirality of marked portions,
first filtered portions, and second filtered portions arranged in a selected order. The marked
portions can be configured to prevent light from being emitted by the first fiber, the first
filtered portions can be configured to allow a first wavelength of light to be emitted, and the
second filtered portions can be configured to allow a second wavelength of Hght to be
emitted. As the first fiber moves relative to the housing in a first direction the marked
portions, first filtered portions, and second filtered portions produce a first light pattem. As
the first fiber moves relative to the housing in a second direction the marked portions, first
filtered portions, and second filtered portions produce a second light pattern. The sensor can
determine the direction of movement of the sccond actuator based on at least one of the first

and second light patterns. In some embodiments, the sensor 1s configured to determine the
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diameter of the prosthetic valve as it is expanded based at least in part on the fivst and second

hight patterns.

[028] In some embodiments, the assembly further comprises a control unit operatively
coupled to the sensor. The control unit can be configured to caleulate the real-time diameter

of the prosthetic valve.

[0291 In some embodiments, the sensor further comprises a sealing member coupled to a
distal end portion of the housing and configured to prevent bodily fhnds from entering the
housing, the sealing member defining a lumen into which the distal end portion of the fiest

fiber extends.

{0301 In another representative embodiment, a delivery apparatas for a prosthetic heart
valve can comprise a handle, a light source configured to emit light, a receiving element
configured to recetve light, at least one first actuator and at least one second actuator
extending from the handle, the first actuator being configured to apply a distally directed
force to a first portion of a prosthetic heart valve and the second actuator being configured to
apply a proximally directed force to a second portion of the prosthetic heart valve to radially
expand the prosthetic heart valve, a sensor, a control unit in commumnication with the sensor, a
first optical fiber, and a second optical fiber. The first optical fiber can be configured to
produce a light pattern as the first fiber moves relative to the sensor. The first fiber can
extend through the sensor and have a distal end portion coupled to the second actuator and a
proximal end portion coupled to the light source. The second optical fiber can have a distal
end portion coupled to the sensor and a proxamal end portion coupled o the receiving
clement. Actuation of the second actuator can cause corresponding movement of the first
optical fiber relative to the sensor. The sensor can sense the light pattern and the control unit
can determine a real-time diameter of the prosthetic heart valve as it moves between a
radially compressed configuration and a radially expanded configuration based at least in part

on the light pattern.

{0311 In some embodiments, the distal end portion of the first fiber comprises a plurality of

alternating marked portions and exposed portions configured to produce the light pattern.

{032] In other embodiments, the distal end portion of the first fiber comprises a plurality of
marked portions, first filtered portion, and second filtered portions disposed in a selected
order, wherein movement of the second actuator in a first direction produces a first light
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pattern and movement of the second actuator in a second durection opposite the first direction
produces a second light pattern. The control unit can determine a real-time diameter of the
prosthetic heart valve based at least in part on at least one of the first light pattern and the

second light pattern.

{0331 In some embodiments, the first fiber can comprise a core and a cladding and the
distal end portion of the first fiber can comprise a portion of the first fiber wherein the
cladding has been removed and the core has been abraded. In other embodiments, the distal

end portion of the first fiber can comprise a polymer member.

{034] In a representative embodiment, a method of implanting a prosthetic heart valve can
meluade mserting into the body of a patient a distal end portion of a dehvery apparatus and a
prosthetic heart valve coupled to the distal end portion of the delivery apparatas in a radially
compressed configuration. The delivery apparatus can comprise a handle having a light
source and a receiver clement, a first actuator extending from the handle and configured to
apply a distally directed force to a first portion of the prosthetic valve, a second actuator
extending from the handle and configured to apply a proximally directed force to a second
portion of the prosthetic valve, a sensor, a first optical fiber, the first aptical fiber extending
through the sensor and having a distal end portion coupled to the second actuator and a
proximal end portion coupled to the light source, and a second optical fiber having a distal
end portion coupled to the sensor and a proximal end portion coupled to the receiving
element. The method can further include advancing the delivery apparatus distally untdl the
prosthetic heart valve 1s disposed at a selected mmplantation site, and radially expanding the
prosthetic heart valve by at feast one of advancing the first actuator distally and retracting the
second actuator proximally to produce relative movement between the first optical fiber and
the sensor such that the first optical fiber produces a light pattern. As the prosthetic heart
valve is expanded, the receiving element can determine the hight pattern and calcolate a real-
tme diameter of the prosthetic heart valve based at least in part on the light pattern.

[035] In some embodiments, the method can further compnse radially collapsing the
prosthetic heart valve by at feast one of retracting the first actuator proximally and advancing
the second actuator distally such that the first fiber moves relative to the sensor to produce

second light pattern. As the prosthetic heart valve is collapsed, the receiving element can
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determine the second hight pattern and can calculate the real-time diameter of the prosthetic

heart valve based at least in part on the Hght pattern and the second hight pattern.

[036] In other embodiments, the method can further comprise displaying the real-time

diameter of the prosthetic heart valve on a display unit.

f0371 The various innovations of this disclosure can be used in combination or separately.

This summary s provided to introduce a selection of concepts in a simphified form that a

further described below in the detailed description. This summary is not intended to identify

kev features or essential features of the claimed subject matter. The forcgoing and other

objects, features, and advantages of the disclosure will become more apparent from the

following detailed description, which proceeds with reference to the accompanying figures.
BRIEF DESCRIPTION OF THE DRAWINGS

f038] FIG. 11s aperspective view of an exemplary embodiment of a prosthetic heart valve.

{0391 FIG. 2 1s a perspective view of a portion of another exemplary embodiment of a

prosthetic heart valve.

[040] FIG. 3 18 a side view of the frame of the prosthetic heart valve of FIG. 2 shown in a

radially collapsed configuration.

[041] FIG. 415 a side view of the frame of the prosthetic heart valve of FIG. 2 shown in a

radially expanded configuration.

[0421 FIG. S 1s an exemplary prosthetic valve delivery apparatus shown bemg used to

implant the prosthetic heart valve of FIG. 2.

[0431 FIG. 61s an enlarged, partial cross-sectional view of the distal end portion of the

detivery apparatus and the prosthetic heart valve of FIG. 5.

[044] FIG. 7 15 a side view of an exemplary sensor used to measure the real-time diameter

of a prosthetic heart valve during expansion.

[045] FIG. 8 is a partial cross-sectional view of a distal end portion of another exemplary
embodiment of a delivery apparatus being used to implant the prosthetic heart valve of FIG.
2.

{0461 FIG. 91s a cross-sectional side view of a portion of the delivery apparatus of FIG. 8.
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[0471 FIG. 10 1s a cross-sectional side view a portion of the delivery apparatus of FIG. § in
a partially extended position.
[048] FIG. 11 is a cross-sectional side view of a portion of another exemplary embodiment
of a delivery apparatus.
{0491 FIG. 12 15 a cross-sectional side view of a portion of the delivery apparatus of FIG. 11
i a partially extended position.

DETAILED DESCRIPTION

Exemplary embodiments

[050] Described herein are embodiments of measurement devices that are primarily
mtended to monitor the real-time diameter and/or radial force of a prosthetic heart valve. The
measurement devices can be used in comjunction with a delivery apparatus to help mplant a

prosthetic heart valve more precisely and safely than known delivery apparatuses.

[051] Prosthetic valves disclosed herein can be radially compressible and expandable
between a radially compressed configuration and a radially expanded configuration. Thus,
the prosthetic valves can be crimped on an implant delivery apparatus in the radially
compressed configuration during delivery, and then expanded to the radially expanded

configuration once the prosthetic valve reaches the implantation site.

{052] FIG. 1 shows an exemplary prosthetic valve 10, according to one embodiment. The
prosthetic valve 10 can be radially compressible and expandable between a radially
compressed configuration for delivery into a patient (see e.g., FIG. 3) and a radially expanded
configuration (see e.g., FIGS. 1 and 4). In particalar embodiments, the prosthetic valve 10
can be implanted within the native aortic annulus, although it also can be implanted at other
locations in the heart, including within the native mitral valve, the native pulmonary valve,
and the native tricuspid valve. The prosthetic valve 10 can include an anmular stent or frame
12 having a first end 14 and a second end 16,

{0531 Inthe depicted embodiments, the first end 14 1s an mnflow end and the second end 16
ts an outflow end. The outflow end 16 can be coupled to a delivery apparatus for delivering
and implanting the prosthetic valve within the native aortic valve is a transfemoral, retrograde

delivery approach. In other embodiments, the inflow end 14 can be coupled to the delivery
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apparatus, depending on the particular native valve being replaced and the delivery technique

that is used {e.g., transfemoral, transapical, etc ).

{054] The prosthetic valve 10 can also include a valvular structure 18 which s coupled to
the frame 12 and configured to regulate the flow of blood through the prosthetic valve 10
from the inflow end to the outflow end. The prosthetic valve 10 can further include a
plurality of actuators 20 mounted to and equally spaced around the inner surface of the frame
12. Each of the actuators 20 can be configured to form a releasable connection with one or

more respective actuators of a delivery apparatus, as further described below.

{0551 The valvular structure 18 can include, for example, a leaflet assembly comprising one
or more leaflets 22 {three leaflets 22 in the tllustrated embodiment} made of a flexible
material. The leaflets 22 of the [eaflet assembly can be made from in whole or part,
hiological material, bio~compatible synthetic materials, or other such matcrials. Suitable
biological material can include, for example, bovine pericardium {or pericardium from other
sources). The leaflets 22 can be arranged to form commissares 24, which can be, for
example, mounted to respective actuators 20. Further details regarding transcatheter
prosthetic heart valves, including the manner in which the valvular structure can be coupled
to the frame 12 of the prosthetic valve 10, can be found, for example, in U.S. Patent Nos.
6,730,118, 7,393,360, 7.510,575, 7,993,394, and 8,652,202, and U.S. Patent Publication No.

2018/0325665 all of which are incorporated herein by reference in their entiretics.

[056] In some embodiments, the prosthetic valve 10 can include a plurality of commissure
support elements configured as commissure clasps or clamps 26. 1n the illustrated
configuration, the prosthetic valve includes a conumissure clamp 26 positioned at each
commissure 24 and configured to grip adjacent portions of two leaflets 22 at each
commissure 24 at a location spaced radially mwardly of the frame 12, Each clamp 26 can be
mounted on an actuator 20 as shown. In altemative embodiments, the commissure supports
elements (such as clamps 26} can be mounted to the struts 28 of the frame, or altematively,

the commissures 24 can be mounted (e.g.

&

sutured) directly to the struts of the frame. Further
details of the commissure clamps 26 and other technigques for mounting the commissures of a
valve asserbly to a frame can be found m U.S. Patent Publication No. 2013/0325665.

10571 Although not shown, the prosthetic valve 10 can also include one or more skirts or

sealing members. For example, the prosthetic valve 10 can inchude an inner skirt mounted on
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the inner surface of the frame. The mmer skirt can function as a sealing member to prevent or
decrease perivalvular lsakage, to anchor the leaflets 22 to the frame, and/or to protect the
leaflets against damage caused by contact with the frame during crimping and during
working cvcles of the prosthetic valve. The prosthetic valve 10 can also include an outer
skirt mounted on the outer surface of the frame 12. The outer skirt can function as a sealing
member for the prosthetic valve by sealing against the tissue of the native valve annulus and
helping to reduce paravalvular leakage past the prosthetic valve. The inner and outer skirts
can be formed from any of various suitable biocompatible materials, including any of various
syathetic materials {e.g., PET) or natural tissue {¢.g., pericardial tissue}. The inner and outer
skirts can be mounted to the frame using sutures, an adhesive, welding, and/or other means

for attaching the skirts to the frame.

{058] The frame 12 can be made of any of various suitable materials, such as stainless
steel, a cobalt chromium alloy, or a nickel titanium alloy (“NiT17), for example Nitinol.
Referring again to FIG. 1, as shown, the frame 12 can mnclude a plurality of interconnected
struts 28 arranged in 3 lattice-type pattern. The struts 28 are shown as positioned diagonally,
or offset at an angle relative to, and radially offset from, a longitudinal axis of the prosthetic
valve 10 when the prosthetic valve 10 is in the expanded configuration. In other
implementations, the struts 28 can be offset by a different amount than depicted in FIG. L, or
some or all of the struts 28 can be positioned parallel to the longitudinal axis of the prosthetic

valve 10.

[059] In the illustrated embodiment, the struts 28 are pivotably coupled to one another at
one or more pivot joints along the length of cach stnit. For example, in the illustrated
configuration, cach of the struts 28 can be formed with apertures (see ¢.g., apertures 114 in
FIG. 4) at opposing ends of the strut and apertures spaced along the length of the strut.
Respective hinges can be formed at the locations where struts 28 overlap each other via
fasteners or pivot members, such as rivets or pins 30 that extend through the apertures. The
hinges can allow the struts 28 to pivot relative to one another as the frame 12 1s radially
expanded or compressed, such as during assembly, preparation, or implantation of the

prosthetic valve 10.

f060] In some embodiments, the frame 12 can be constructed by forming individual

components (&.g., the struts and fasteners of the frame) and then mechanically assembling
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and connecting the mdividual components together. In other embodiments, the struts 28 are
not coupled to each other with respective hinges but are otherwise pivotable or bendable
relative to each other to permit radial expansion and contraction of the frame 12, For
example, the frame 12 can be formed (c.g.. via laser cutting, electroforming or physical vapor
deposition} from a single piece of material {e.g., a metal tube). Further details regarding the
construction of the frame and the prosthetic valve are described in U.S. Patent Publication
Nos. 2018/0153689; 2018/0344456; 2019/0105153; 2019/0060037; all of which arc
imcorporated herein by reference. Additional examples of expandable prosthetic valves that
can be used with the delivery apparatuses disclosed herein are described in U S, Publication

No. 2015/0135506 and 2014/6296962, which are incorporated herein by reference.

{0611 Referring still to FIG. 1, in some embodiments, the prosthetic valve 10 can comprise
one of more actuators 20 configured to produce radial expansion and compression of the
frame. The one or more actuators in the tlustrated embodiment comprise one or more push-
pull mechanisms 32 coupled 1o the frame 12. In the illustrated embodiment, the prosthetic
valve 10 has three push-pull mechanisms 32, however, in other embodiments a greater or

fewer number of push-pull mechanisms 32 can be used.

{062] Each push-pull mechanism 32 can generally comprise an inner member 34, such as an
inner tubular member, and an outer member 36 disposed about the inner member 34, The
muer members 34 and the outer members 36 can be movable longitudinally relative to each
other in a telescoping maoner to radially expand and contract the frame 12, as further
described in US. Patent Publication Nos. 2018/015368%and 2018/0325665, which are
meorporated herein by reference. The mner members 34 can be., for example, rods, cables,
wires, or tubes. The outer members 36 can be, for example, tubes or sheaths having
sufficient rigidity such that they can apply a distally directed force to the frame without

bending or buckling.

[063] The nner members 34 can have distal end portions 34a coupled to the mflow end 14

of the frame 12 {c.g.

P=2b]

with a coupling element such as a pin member 30). In the illustrated
embodiment, cach of the inner members 34 are coupled to the frame at respective apices 38 at
the mflow end 14 of the frame 12. For cxample, the distal end portion 34a of cach ner
member 34 can be pivotably connected to the rivet or pin 30 that connects the two struts at

the adjacent apex 38, The outer members 36 can be coupled to apices 38 at the cutflow end
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16 of the frame 12 at, for example, a mid-portion of the outer member 36, as shown 1 FIG. 1,
or at a proximal end portion of the outer member, as desired. The outer members 36 can be

pivotably connected to the rivet or pin 30 that connects the two struts at the adjacent apex 38.

[064] The mner member 34 and the outer member 36 can telescope relative to each other
between a fully contracted state (corresponding to a fully radially expanded state of the
prosthetic valve) and a fully extended state {corresponding to a fullv radially compressed
state of the prosthetic valve}. Inthe fully extended state, the imner member 34 s fully
extended from the outer member 36. In this manner, the push-pull mechamsms 32 allow the
prosthetic valve to be fully expanded or partially expanded to different diameters and retain

the prosthetic valve in the partially or fully expanded state.

{0651 Inuse, adelivery apparatus can be releasably coupled to the push-pull mechanisms 32
of prosthetic valve 10, For example, the delivery apparatus can have one or more actuator
assemblics that are releasably coupled to respective push-pull mechanisms 32 of the
prosthetic valve. The actuators of the delivery apparatus can be configared to transfer
pushing and/or pulling forces from a handle of the delivery apparatus to the push-puil
mechanisms 32 of the prosthetic valve. Each of the actuator assemblies of the delivery
apparatus can include an inmner member 42 that is releasably coupled to a respective inner
member 34 of a push-pull mechanism 32. Each actuator assembly of the delivery apparatus
can also mclade an outer member (not shown) that is releasably coupled fo a respective outer

member 36 of a push-pull mechanism 32.

[066] Once coupled to the delivery apparatus, the prosthetic valve 10 can then be radially
collapsed (see e.g., FIG. 3) and the distal end portion of the delivery apparatus, along with the
radially collapsed valve, can be inserted info a patient. Unce the prosthetic valve 10 15 at the
desired implantation site, the prosthetic valve can be radially expanded (sec ¢.g., FIG. 4}. In
some embodiments, as shown in FIG. 1, the push-pull mechanisms 32 can comprise one or
more locking mechanisms 40, allowing the frame 12 to maintain an cxpanded diameter after
the prosthetic valve is released from the delivery apparatus. Additional details of the locking

mechanism can be found in Patent Publication No. 2018/0153689

[067] FIG. 2 tllustrates another embodiment of a prosthetic valve 100 comprising a frame
102. The prosthetic valve 100 can include leaflets 18 and inner and/or outer skirts as

previously described, although these components are omitted for purposes of illustration.
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The frame 102 comprises a plurality of struts 116 formed with apertures 114 (see¢ F1G. 4) and
pivot members 118 {¢.g., pins or rivets) connecting the struts to each other form a plurality of
pivot joints. The frame 102 can have the same construction as the frame 12, except that the
frame 102 includes struts 116 that arc longer than struts 28 of frame 12, The longer struts
116 form more pivot joints along the length of each strut and more openings or cells of the

frame compared to the struts 28.

[068] The prosthetic valve 100 is configured to be releasably coupled to one or more
actuator assemblies 205 of a delivery apparatus 200 (further described below} to produce
radial expansion and compression of the frame 102. To such ends, the prosthetic valve 100
can include one or more nuts or threaded sleeves 110 affixed to the frame 102, such as at an
mflow portion 104 of the frame 102. The prosthetic valve 100 can further comprise one or
more stoppers 112 affixed to the frame 102, such as at an outflow portion 106 of the frame.
in the iflustrated embodiment, the sleeve 110 is circumferentially aligned with the stopper
112. However, in other embodiments, the sleeve 110 can be circumferentially offset from the

stopper 112

f069] The actuator assemblics 203 can be used to radially expand the prosthetic valve 100
from a radially compressed state to a radially expanded state at an implantation site within a
patient’s body, as further described below. In some embodiments, the prosthetic valve 100
can further include one or more locking mechanisms (not shown), for example, a locking
screw and a proximal nut, that maintain the prosthetic valve in an expanded configuration.
After the frame 102 1s expanded to a desired radially expanded size, the locking mechanism
can be actuated or can self-actuate to lock the frame 102 in the desired radially expanded
size. The actuator assemblies 203 can then be released from the prosthetic valve 100 and
removed from the body. Further details of the actuator assemblics and the locking
mechanism can be found in U.S. Patent Pubhication 2018/0153689 incorporated herein by

reference in its entirety.

[070] FIGS. 3-4 llustrate the bare frame 102 (without the leaflets and other components) of
the prosthetic valve 100 for purposes of illustrating expansion of the prosthetic valve from the
radially compressed configuration to the radially expanded configuration. FIG. 3 shows the
frame 102 1n the radially compressed contiguration, and FIG. 4 shows the frame 192 inthe

fully radialiy expanded configuration. The prosthetic valve 100 in the llustrated
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configuration can be radially expanded by maintaining the first end 104 of the frame 102 ata
fixed position while applving a force in the axial direction against the second end 106 toward
the first end 104. Alternatively, the prosthetic valve 100 can be expanded by applving an

axial force against the first end 104 while maintatung the second end 106 at a fixed position,

or by applying opposing axial forces to the first and second ends 104, 106, respectively.

[071] FIG. 5 dlustrates a delivery apparatus 200, according to one cmbodiment, adapted to
deliver a prosthetic heart valve, such as the illustrated prosthetic heart valve 100, described
above. The prosthetic valve 100 can be releasably coupled to the delivery apparatus 200, as
further described below. It should be vanderstood that the delivery apparatus 200 and other
delivery apparatuses disclosed herein can be used to implant prosthetic devices other than

prosthetic valves, such as stents or grafts.

{0721 The delivery apparatas 200 in the illustrated embodiment generally includes a handle
202, a first elongated shaft 204 (which comprises an outer shaft in the illustrated
embodiment) extending distally from the handle 202, at least one actuator assembly 205
extending distally through the outer shaft 204, and a measurement device 210 for measuring
the real-time diameter of the prosthetic valve. The at least one actuator assembly 205 can
comprise a first actuator 206 and a second actuator 208. The measurement device 210 can
comprise a sensor 212, a first motion-transmtting member 214 coupled to the first actuator

206, and a second motion-transmitting member 216 coupled to the sccond actuator 208,

f073] In the illustrated embodiment, only one actuator assembly 203 is shown. However,
the delivery apparatus 200 can include a plarality of actaator assemblies 203, which can be
circumferentially spaced apart from cach other and can extend axially through the shaft 204
from the handle 202 to the prosthetic valve 100, Similarly, only one first motion-transmitting
member 214 and one second motion-transmitting member 216 is shown in the illustrated
embodiment. However, in alternative embodiments, a pair of first and second motion-
transmitting members 214, 216 can be provided for each actuator assembly 205 where
multiple actuator assemblies 203 are provided.

{074] In the following description, reference is made to a single actuator assembly.
However, it should be understood that the description also applics to cach actuator asscrably
where multiple actuator assemblies are present. In the illustrated embodiment, the second

actuator 208 extends through the first actuator 206. However, in other cmbodiments, the first
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and second actuators 206, 208 may be spaced apart from each other circumferentially avound
the prosthetic valve 100, The first actuator 206 can be, for example, a sleceve, cvlinder, shaft,
tube, or other member configured to apply a distally directed forced to the prosthetic valve,

such as at the sleeve 112.

{0751 The second actuator 208 can comprise an elongated actuator member 209 in the form
of, for example, a rod, shaft, cable, wire, suture, or other member configured to apply a
proximally directed force to the prosthetic valve, and a screw 218 affixed to the distal end of
the member 209, In some embodiments, as shown in FIG. 2, the second actuator 208 can
further comprise a cover tube or outer shaft 220 disposed around the actuator member 209
and extending through furst actuator 206. The cover tube 220 can annularly surround the
actuator member 209 and can be connected to the actuator member 209 such that the actuator

member and the cover tube can rotate together and move axially together.

[0761 As further shown in FIG. 2, the actuator member 209 and the cover tube 220 can
extend through the stopper 112. The screw 218 1s configured to be received 1n and
threadably engage intemal threads of the nut 110 so as to releasably couple the delivery
apparatus 200 to the prosthetic valve {as shown n FIG. 5). The first actuator 206 can
annularly surround the cover tube 220. The stopper 112 can have an annular mner swface
with an inner diameter larger than the outer diameter of the cover tabe 220 and the screw 218
such that the cover tube 220 and the screw 218 can be retracted through the stopper 112 as
the frame 1s expanded and once the delivery apparatus 200 is disconnected from the frame.
The stopper 112 1s sized to abut or engage the distal end of the first actuator 206 such that the
first actuator 206 is prevented from moving distally beyond the stopper. The cover tube 220

facilitates passage ot the screw 218 through the stopper 112,

[077] Although the prosthetic valve 100 in the illustrated embodiment is shown as having
only one pair of a nut 1190 and a corresponding slecve 112 for coupling with a respective
actuator assembly 205 of the delivery apparatus, it should be understood that a pair of a nut
110 and a sleeve 112 can be provided for each actuator assembly. Each pair of a nat 110 and

asleeve 112 can be mounted to the frame at circumferentially spaced apart locations.

f078] In some cmbodiments, the outer shaft 204 of the delivery apparatus can be configured
as a steerable guide catheter having an adjustable curvature for use in steering the dehivery

apparatus through the patient’s vasculature. In particular embodiments, the outer shaft 204
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can include a steerable distal section the curvature of which can be adjusted by the operator to
assist in gwding the apparatus through the pattent’s vascolature. A steering or pudl wire (not
shown} can extend through the outer shaft 204 and can have a distal end fixed at a location
along the distal section and a proximal end operatively connected to an adjustment
mechanism, for example, a knob on the handle 202. Further details of steering mechanisms
that can be incorporated in the delivery apparatus can be found in U.S. Patent Apphication
Publication Nos. 2009/0281619 and 2016/0158497, which are incorporated herein by

reference.

{0791 In some embodiments, the outer shaft 204 and the actuator assembly 205 can be
moved relative to one another (axially and/or rotationally) to facilitate delivery and
positioning of the prosthetic valve 100 at an implantation site in the patient’s body. The
handle 202 can include an adjustment mechanism configured to produce relative movement
between the outer shaft 204 and the actuator assembly 205. For example, the handle 202 can
iclude a slidable or rotatable adjustment kuob that is operatively connected to the actuator
assembly 205 and configured to produce axial movement of the actuator assembly 205 in the

proximal and distal directions relative to the outer shaft 204

{0801 In some embodiments, the distal end portion of the outer shafi 204 can form a sheath
that 1s sized and shaped to receive and house the prosthetic valve in a radially compressed
state for delivery into and through a patient’s vasculature. Once the prosthetic valve is
advanced to the waplantation site or adjacent the implantation site, the prosthetic valve can be
advanced from the sheath by advancing the first and second actuators relative to the shaft
204, after which the prosthetic valve can be radially expanded. In altemative embodiments,
the shaft 204 can be configured to move axially relative to the first and second actuators 206,
208, such as by operating a knob on the handle 202, The knob can be operatively connected
to the proximal end portion of the shaft 204 and can be configured to retract the shaft 204
proximally relative to the actuators 206, 208 to deplov a prosthetic valve from the distal end

of the sheath.

[081] Asshown in FIG. 5, a medical assembly can comprise the delivery apparatus 200 and
the prosthetic valve 100 coupled to the distal end of the delivery apparatus. When the

prosthetic valve 200 is coupled to the delivery apparatus, a distal end portion 206a of the first
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actuator 206 can abut a corresponding stopper 112 of the frame 102, The stopper 112 15 sized

to prevent the first actuator 206 from moving distally bevond the stopper 112

[082] Asnoted above, the screw 218 of the second actuator 208 can be connected to a
corresponding nut {10 on the frame 102 to effectively couple the prosthetic valve to the
delivery apparatus. Once the prosthetic valve 100 has been deployed at the desired
implantation location, the screw 218 can be removed from the nut 110 to release the
prosthetic valve from the delivery apparatus. The stopper 112 can have an annular inner
surface with an inner diameter larger than the outer diameter of the actuator member 209, the
outer tube 220 and the screw 218 such that the actuator member 209, the outer tube 220 and
the scrow 218 can be retracted through the stopper 112 as the frame 102 s expanded and
once the second actuator 208 is disconnected from the frame by unscrewing the screw 218

from the nut 110,

f083] The first actuator 206 can be configured to apply a distally directed force to the
proximal end portion 106 of the prosthetic valve 100. When the screw 218 of the second
actuator 208 is connected to the nut 110, the second actuator 208 can be configured to apply a

proximally directed force to the distal end portion 104 of the prosthetic valve 100.

{084] The proximal end portion of the actuator member 209 of the second actuator 208 can
be operatively connected to a control mechanism, such as a control knob on the handle 202,
that allows a doctor or operator of the delivery apparatus 200 to rotate the actuator member
209 {e.g., to unscrew the screw 218 from the nut 110} and/or to move the actuator member
209 axially relative to the first actuator 206 to apply a proximally directed foree to the
prosthetic valve during valve expassion. Simiarly, the proximal end portion of first actuator
206 can be operatively connected to a control mechanism, such as a control knob on the
handie 202, that allows a doctor or operator of the delivery apparatus 200 to move the first
actuator 206 axially relative to the second actuator 208 to apply a distally directed force to the
prosthetic valve during valve expansion. The first and second actuators 206, 208 can apply
force separately or in combination to radially expand the prosthetic valve, as further

described i US. Patent Publication2(18/0153689.

{085] In other embodiments, the delivery apparatus 200 can be used to delivery and implant
the prosthetic valve 10 of FIG. 1, as follows. A distal end portion 206a of the first actuator

206 can engage or abut a corresponding outer member 36 and a distal end portion 208a of the
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second actuator 208 can be coupled to a corresponding inner member 34 (in other words,
imner members 42 in FIG. | represent actuators 208). In this way, the delivery apparatas can
apply a distally directed force to the outer members 36 and/or apply a proximally directed
force to the inner members 34 to move the prosthetic valve 10 between the radially

compressed and radially expanded configurations.

[086] When unplanting a mechanically expandable prosthetic valve (e.g., prosthetic valve
100) it 1s desirable to expand the prosthetic valve 1o the maximum size allowed by the
patient’s anatomical considerations while mitigating the nisk of annelar rupture (¢.g., by
selecting a size similar to the native annulus}. To ensure optimal implantation size, the
diameter of the prosthetic valve and the radial force applied to the annulus by the prosthetic
valve can be monitored in real time during the implantation process using a measurement

device 210.

{0871 Referring agamn to FIG. 5, in the illustrated embodiment, the sensor 212 is disposed
within the handle 202 of delivery apparatus 200. However, in other embodiments, the sensor
can be mounted cutside of the handle 202 and/or can be removably coupled to the delivery

apparatus 200,

{0881 As shown in FIG. 6, the first motion-transmitting member 214 of the measurement
device 210 can have a distal end portion 214a coupled to a corresponding first actuator 206
such that axial movement of the first actuator 206 in the proximal and distal directions causes
corresponding axial movement of the first motion-transmitting member 214, For example,
the distal end portion 214a can be connected to a ring 222 mounted around and affixed to the
first actuator 206. In alicmative embodiments, other coupling means can be used to the
couple the first motion-transmitting member 214 to the first actuator. As best shown in FIG.
7, a proximal end portion 2 14b of the first motion-transmitting member 214 can be coupled to

the sensor 212.

[089] The second motion-transmitting member 216 can have a distal end portion 216a
coupled to a corresponding second actuator 208 such that axial movement of the second
actuator 208 in the proximal and distal directions causes corresponding axial movement of
the second motion-transoutting member 214, For example, the distal end portion 216a can be
connected to a ring 223 mounted arcund and affixed to the actuator member 209 of the

second actuator 208 (FIG. 6). In alternative embodiments, other coupling means can be used
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to couple the second motion-transmitting member 216 to the second actuator 208, A
proximal end portion 216b of the second motion-transmitting member can be coupled to the

sensor 212 {FiG. 7).

{090] In particular embodiments, the first and second motion-transnutting members 214,
216 extend at least along the majority of the lengths of the first and second actuators 206,
208, and more desirably cxtend substantiallv the entire length of the first and sccond
actuators 206, 208, Further, as best shown in FIG. 6, the distal end portions of the first and
second motion-transmitting members 214, 216 destrably are coupled to the first and second

actuators 206, 208, respectively, at locations adjacent the prosthetic valve 100.

[091] The motion-transmutiing members 214, 216 can be, for example, wires, rods, shafts,
or other flexible, inelastic members configured to have sufficient rigidity such that the
members do not bend, buckle, or stretch or compress axially when a proximal or distal force
is applied thereto during normal use. In some embodiments. the motion-transmitting
members can be cyhindrical in shape. In other embodiments, the motion-transmitting
members can have any of various other shapes in cross-section, for example, square,
triangular, rectangular, ete. In some embodunents, as shown 1o FIG. 6, the first motion-
transmitting member 214 can be covered by a support tube or shaft 240 that can extend co-
axially over the first motion-transmitting member 214, The support tube 240 can be
counfigured to support the first motion-transmitting member 214 and prevent it from buckling

during use.

{0921 Referring now to FIG. 7, the sensor 212 of the measurement device 210 canbe a
lincar displacement sensor such as a linear variable differential transformer (LVDT), an
optical linear encoder, a hincar potentiometer, an optical sensor, a capacitive sensor,
combinations thereof, or another type of sensor configured to measure the relative movement
between the proximal end portions 214b, 216b of the first and second motion-transmitting
members 214, 216, An LVDT sensor can generally have three cotls (not shown) placed end
to end around atube 224 in which a cvhindrical ferromagnetic core 226 1s disposed. The tube
224 can be attached to, for example, the proximal end portion 214b of the first motion-
transmitting member 214, The core 226 can be attached to, for example, the proximal end
portion 216b of the second motion-transmitting member 216, As the prosthetic valve 100

moves between the radially compressed and radially expanded configurations, the core 226
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moves relative 1o the tube 224 creating a voltage differential between the coils which can be
converted by the sensor 212 mto a relative distance corresponding to the diameter of the

prosthetic valve.

093] For example, during expansion of the prosthetic valve 100, the first actuator 206 can
move distally and/or the second actuator 208 can move proximally, thus causing the first
motion-transmitting member 2 14 to move distally relative to the second motion-transmitting
member 216 and/or the second motion-transmitting member 214 to move proximally relative
to the first motion-transmitting member 216. The sensor 212 measures the relative axial
movement Ry of the motion-transmitting members 214, 216, which is a measure of the
change in distance or spacing between two points on the motion-fransmitting members. The
relative movement Rs can be subtracted from the starting height Hsee FIG. 3) of the
prosthetic valve 100 in its radially compressed configuration in order to caleulate the current

and/or expanded height h {see FIG. 4} of the prosthetic valve according to the equation:

Equation 1. s = (H — Rij; where h = current/expanded height of the valve; H = crimped

height of valve; and R = relative axial movement between the motion-transmitting members.

[094] The expanded height h of the prosthetic valve 100 can be used to caleulate the current
diameter d {see FIG. 4) of the prosthetic valve 100 using the following equation:

. , 55 18 . . ,

Bauation 2: o =~+/1% -}’ c_—L where d = diameter; L = length of strut {a fixed length);

ANy o
JX 7

and b = cxpanded height of valve.

[095] The measorement device 210 can be operatively coupled to a control anit 230 using
onge or more wirgs or cables 232 or via a wireless communication link. The control unit 230
can comprise a display 234 and can be configured to receive signals from the sensor 212
representative of the relative axial movement Ry of the first and second motion-transmitting
members 214, 216, The control until 230 can be configured to continucusky calculate the
diameter of the prosthetic valve 100 based on the measurement inputs provided by the sensor
212 and to display the diameter of the prosthetic valve 100 on the display 234 in real-time as

the prosthetic valve is expanded during an implantation procedure.

[096] In some embodiments, the control unit 230 can be configured to calculate the real-

time diameter of the prosthetic valve using Equations | and 2 above. In altemative
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embodiments, nstead of using the equation above, the diameter of the prosthetic valve 100
can be calculated based on pre-programmed data correlating valve diameter to valve height or
relative axial movement Ry for a particular prosthetic valve. Thus, for any prosthetic valve
that decreases in height as it expands radially, the diameter of the valve can be determined at
a plurality of different heights b or distances R1. This data can be stored m memory of the
control unit 230, which is programmed to calculate and display the real-time diameter of the

prosthetic valve based on the data corrclating valve diameter to valve height or distance Ru.

[097] During the implantation procedure, a physician can monitor the diameter d of the
valve to determine when the prosthetic valve is at the diameter that best fits the native
annulus. The implantation procedure and prosthetic valve expansion are explained 1n more

detail below.

{0981 As noted above, the first and second motion-transmitting members 214, 216 desirably
extend substantially the entire length of the first and sccond actuators 206, 208 are coupled to
first and second actuators 206, 208 adjacent the prosthetic valve. Tn this manner, movement
of the first and second motion-transmitting members 214, 216 accurately reflects movement
of'the opposing ends of the prosthetic valve. Compression of the first actuator 206,
clongation of the second actuator 208, bending of the delivery apparatus, and/or clearance
between components of the delivery apparatus have little effect, if any, on axial movement of
the first and second motion-transmitting members 214, 216, In other words, the first and
second motion-transmitting members 214, 216 isolate the sensor 212 from forces acting on
the first and second actuators between the handle and the locations where the motion-
transmitting members are connected to the actuators to provide an accarate measurement of
the movement of the opposing ends of the prosthetic valve, which in turn vields an accurate

measurement of the diameter of the prosthetic valve.

10991  As noted above, the delivery apparatus 2090 can include plural acteator assemblics
205, Where plural actuator assemblies 205 are provided, the delivery apparatus can include
one measurement device 210 including one set of first and second motion-transmitting
members 214, 216 and one sensor 212, 1 which case the measurement device is ased to
measure the change in height of the prosthetic valve based on the movements of first and
second actuators 206, 208 of one actuator assembly 205, In other embodiments, a

measurement device 210, including a set of first and second motion-transmitting members

-24 -



WO 2020/092251 PCT/US2019/058368

214, 216 and a sensor 212, can be provided for each actaator asserabiy 205 and the control
pnit 230 can receive signals from the sensors 212 and calculate the real-time diameter of the

prosthetic valve based on the measurements of cach of the sensors.

{100] Referring again to FIG. 5, n some embodiments, the delivery apparatus can further
comprise a load cell 228 operatively connected to the proximal end portion of the actuator
member 209 of the second actuator 208, The load cell can be housed in the handle as shown.
The load cell 228 is configured to measure the tensile force applied by the actuator member
209 on the prosthetic valve. The tensile force can then be used to calculate the radial force
applied by the prosthetic valve 100 against the surrounding tissue {e.g., the native annulus}

according to the equation:

F 4’

. . 4zt o, . .
Equation 3; Fr ={41; - —énimr Yy r s wherein 7 = radial force output; i = actuator

81
force:; Ls = length of a segment of the strut between apertures 114/hinges connecting the

struts; a fixed length; and » = radius.

{0101} In particuiar embodiments, the load cell can be an in-ling load celf such as, for
example, a compression load cell, a strain gange load cell, a piezoelectric foad cell, a

preumatic load cell, and/or a hvdraulic load cell.

{0102] The load cell 228 can be operatively coupled to the control unit 230 using one or more
wires or cables 232 or via a wircless conmmunication fink. The control unit 230 can be
configured to receive signals from the load cell 228, The control until 230 can be configured
to continucusly calculate the radial force of the prosthetic valve 100 based on the
measurement inputs provided by the load cell 228 and to display the real-time radial force
excrted by the prosthetic valve 100 on the display 234 in real-time as the prosthetic valve is

expanded during an implantation procedure.

10103] In some embodiments, the control unit 230 can calculate the real-time radial force of
the prosthetic valve using Equation 3 above. In altemative embodiments, the radial force can
be calculated based on pre-programmed data correlating radial force to tensile force fora
particular prosthetic valve from the radially compressed state to the radially expanded state.
This data can be stored in the control unit 230, which is programmed to calculate and display
the real-time radial force of the prosthetic valve based on the data correlating radial force to
tensile force.
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{01047 If plural actuator members 209 are provided, cach actuator member 209 can be
operatively connected to the load cell 228, The control unit 230 can recetve signals from the
load cell 228 can calculate the real-time radial force of the prosthetic valve based on the
measured tensile forces on the actuator members 209, In alternative embodiments, cach
actuator member 209 can be operatively connected to a separate load cell 228. Each load cell
228 can be in commumcation with the control unit 230, which recetves signals from the load
cells 228 and calculates the real-time radial foree of the prosthetic valve based on

measurements from the load cells.

{01051 In alternative embodiments, the first actuator 206 can be operatively connected to the
load cell 228, which s configured to measure the compressive force applied by the first
actuator on the prosthetic valve, The control unit 230 can be used to measure the real-time
radial force of the prosthetic valve based on the measured compressive force. If plural
actuators 206 are provided, cach actuator 206 can be operatively connected to the load cell
228. The control unit 230 can reccive signals from the load cell 228 can calculate the real-
tme radial force of the prosthetic valve based on the measured compressive forces on the
actuator members 206. In alternative embodiments, each actuator 206 can be operatively
connected to a separate load cell 228. Each load cell 228 can be in communication with the
control unit 230, which receives signals from the load cells 228 and calculates the real-time

radial force of the prosthetic valve based on measurements from the load cells.

{01061 In still alternative embodiments, cach actuator 206 and 208 can be operatively
connected to the load cell 228 {or separate load celis) and the control unit 230 can be used to
measure the real-time radial force of the prosthetic valve based on the measured compressive

and tensile forces on the actuators 206, 208.

{01071 In some embodiments, the control unit 230 can be configured to provide an alert to
the user in the event of over-expansion or over-tensioning of the prosthetic valve 100 within

the native annulus. The alert can be an audible alert, a visual alert, a tactile alert, ctc.

{0108} In some embodiments, the control unit 230 can be further configured to control the
first and second actuators 206, 208 and expand and/or contract the prosthetic valve 100
according to a pre-progranumed expansion algorthm. In some embodiments, the control unit
230 can log data from the implantation procedure and/or transmit data {e.g., logged data or

real-time data) to a remote device.

- 26 ~



WO 2020/092251 PCT/US2019/058368

{0109] In some embodiments, the control unit 230 and display 234 can be formed separatcly
from the delivery apparatus 200 and operatively connected thereto, for example, using wires
or cables 232, In other embodiments, the control unit 2390 can be configured to conumunicate
wirelessly with the sensor 212 and the load cell 228, such as via a Bluctooth connection,
radio waves, or infrared signals. In still other embodiments, the control unit 230 and display
234 can be formed integrally with the handle 202, For example, the processor and other
electrical components of the contro! unit 230 can be located within the handle 202 and the
display 234 can be located on an extenior surface of the handle 202 such that it can be viewed

by a physician during use of the handie 202 in an tmplantation procedure.

f0110] A representative method of traplanting the prosthetic heart valve 100 using the
dehvery apparatus 200 can proceed in the following manner. The prosthetic valve 100 can be
connected to delivery apparatus 200 as described above. The distal end portion of the
delivery apparatus 200 {along with the prosthetic valve 100) can be advanced through a

femoral artery and the aorta toward the native aortic valve.

{0111} Once the prosthetic valve 100 is at the desired waplantation location, the prosthetic
valve can be deployed by, for example, rotating a knob of the handle 202 to advance the
prosthetic valve 100 from the sheath of the outer shaft 204, To expand the prosthetic valve,
the first actuator 206 can, for example, be advanced distally relative to the handle 202 thus
applying a distally directed {¢.g., pushing) force to the proximal end portion 106 of the
prosthetic vatve 100, while the second actuator 208 is simultancously retracted proximaily,
thus applying a proximally directed foree to a distal end portion 104 of the prosthetic valve
100.

{01121 Alternatively, the first actuator 206 can be advanced distally relative to the handle
202, applying a distally directed force to the proximal end portion 106 of the prosthetic valve
100, while the second actuator 208, for example, can be held stationary relative to the handle
to restrain the distal end portion 104 of the frame 102 against movement relative to the handle

202

{01131 Still alternatively, the first actuator 206 can be held stationary relative to the handle
to restrain the proximal end portion 106 of the frame 102 against movement relative to the
handie 202, while the second actuator 208 is retracted proximally applying a proximally

directed {c.g., pulling) force to a distal end portion 104 of the prosthetic valve 100,

-27 -



WO 2020/092251 PCT/US2019/058368

[0114] Application of proximally and/or distally applied forces to the proximal and distal
end portions 106, 104 of the prosthetic valve 100 causes the struts 116 of the frame 102 to
pivot relative to one another about the pivot joints at the pivot members 118, causing the
prosthetic valve 100 to expand from a radially compressed contiguration to a radially
expanded configuration. Asthe struts 116 pivot, the first actuator 206 and the second
actuator 208 move relative to one another, causing the distal ends of the first and second
motion-transmitting members 214, 216 to move relative to one another. As the frame 102
expands, the second actuator 208 exerts strain on the load cell 228. The control unit 230 can
then calculate the corrent diameter and the radial force of the prosthetic valve 100

continuously as it expands and display the values on the display 234.

[0515] Access to continuous real-time diameter monitoring allows a physician to implant the
prosthetic valve at the optimal diameter to accommodaie a specific patient’s anatomical
variability {(¢.g., selecting the diameter that s closest in size to the native annulus in which
the prosthetic valve is to be tmplanted). I needed, conventional techniques and/or devices
can be used to measure the size of the native heart valve annalus in which the prosthetic heart
valve will be implanted. Once the size of the native annulus has been determined, the
physician can sclect a corresponding diameter for the prosthetic valve 100 and use the
delivery apparatus 200 to expand the prosthetic valve 100 to the selected diameter. During
expansion of the prosthetic valve 100, continuous real-time monitoring of the current
diameter and radial force output can help prevent over-gxpansion, thus mitigating the risk of

annular rupture.

{0116] The physician can continue to adjust {¢.g., by expanding or contracting} the diameter
of the prosthetic valve as necessary until the prosthetic valve 100 1s expanded to a diameter
that best fits the native annulus. For example, prosthetic valve 100 desirably is expanded to a
diameter sufficient to anchor the prosthetic valve in place against the surrounding tissue with
minimal or no paravalvular leakage and without over-expanding and rupturing the native
annulus.

{01171 In alternative embodiments, in lieu of the motion-transmitting members, the sensor
212 can be directly coupled to the proximal end portions of the first and second actuators
206, 208. In such embodiments, application of proximally and/or distally applied forces to

the proximal and distal end portions 106, 104 of the prosthetic valve 100 causes the prosthetic
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valve 100 to expand from a radially compressed configuration to a radially expanded
configuration and causes the first actuator 206 and the second actuator 208 move relative to
ong another. Movement of the first and second actuators 206, 208 causes the proximal end
portions of the first and second actuators 206, 208 to move relative to one another within the
sensor 212 and/or move components of the sensor 212 relative each other. For example, the
proximal end portion of the first actuator 206 can be connected directly to the tube 224 and
the proximal end portion of the sccond actuator 208 can be connected directly to the core 226
so that relative movement of the actuators causes corresponding relative movement of the
core 226 and the tube 224, The sensor 212 measures the relative axial movement of the first
and second actuators 206, 208. The control unit 230 can then calculate the current diameter
of'the prosthetic valve 100 continuously as it expands and display the values on the display

234

{01181 FIGS. 8-10 illustrate an exemplary embodiment of a delivery apparatus 300
comprising a measurcment device 302. Delivery apparatus 300 can be similar to delivery
apparatus 200 described above, and can comprise a handle 304 and one or more actuator
assemblies 305 extending distally from the handle 304, Each actuator assembly can comprise
a first actuator 306 and a second actuator 308, First actuator 306 can be configured to be
releasably coupled to a prosthetic valve 100 at a first location {e.g., to a proximal end portion
of the prosthetic valve) and second actuator 308 can be configured to be releasably coupled to
the prosthetic valve at a second location (e.g., to a distal end portion of the prosthetic valve).
The measurement device 302 can be used to measure the real-time diameter of the prosthetic

valve 100 as the prosthetic valve is radially expanded and/or radially compressed.

[0119] Referring to FIG. 8, the measurement device 302 can gencrally comprise a light
source or emitter 310, a receiving element 312, and a sensor 314 coupled to the light source
and recetver via first and second waveguides, such as optical fibers 316, 318, respectively.
Fibers 316 and 318 can each comprise a core and a cladding, and can optionally comprise a
protective coating. The fibers 316, 318 can be configured to transmit or propagate optical

radiation (¢.g., light} along the length of the fiber.

{01201 As used herein, “optical radiation” refers to electromagnetic radiation at wavelengths
of between about 100 am and 10 pm, and typically between about 500 nm and 2 pm.

Examples based on available laser diode sources and optical fibers generally are associated
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with wavelengths of between about 800 nm and 1700 nm. In some examples, propagating
optical radiation is referred to as one or more beams having diameters, asymmetric fast and
slow axes, beam cross-sectional areas, and beam divergences that can depend on beam
wavelength and the optical systers used for beam shaping. For convenience, optical

radiation is referred to as hight in some examples, and need not be at visible wavelengths.

f0121] Representative emobodiments are described with reference to optical fibers 316, 318,
but other types of optical waveguides can be used having square, rectangular, polygonal,
oval, elliptical or other cross-sections. Optical fibers are typically formed of silica (glass)
that is doped {or undoped) so as to provide predetermined refractive indices or refractive
index differences. In some, examples, fibers or other waveguides are made of other materials
such as fluorozirconates, flnoroaluminates, fluoride or phosphate glasses, chalcogenide
glasses, or crystalline materials such as sapphire, depending on wavelengths of interest. In
still other examples, optical fibers can be formed in part of plastics. In typical examples, a
doped waveguide core such as a fiber core provides optical gain in response to pumping, and
core and claddings are approximately concentric. In other examples, one or more of the core
and claddings are decentered, and in some examples, core and cladding orientation and/or

displacenent vary along the length of the fiber.

{01221 The light scurce 310 can be configured to produce a beam of hight and coaple the
fight 1nto the first fiber 316, The light source 310 can be, for example, a light emitting diode
(LED), a photodiode array, a laser diode, and/or an incandescent bulb, etc. The receiving
clement 312 can be configured to receive optical radiation or light propagating through the
second fiber 318 and can be, for example, a photoelectric circoit. The light can comprise, for
example, one or more lights, such as a pattern of light. In some embodiments, the signal can

comprise one or more wavelengths of light.

{01231 Generally, light emitted by the light source 310 propagates through the first fiber 316
to the sensor 314, A distal end portion 316a of the first fiber 316 can be configured to omit
hight. The emitted light 1s re~-directed into the second fiber 318 and transmtted through the

second fiber 318 to the receiving element 312, as described in more detail below.

{0124] In the dlustrated embodiment, the light source 310 and receiving clement 312 are
disposed in the handle 304 of the dehivery apparatus 300, and the sensor 314 1s disposed
along a distal end portion of the delivery apparatus 300, adjacent the prosthetic valve 100.
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The small distance between the prosthetic valve 100 and the sensor 314 can prevent or
nutigate measarement error caused by factors such as compression of the delivery device
and/or elongation of the actuation mechanism under tension. However, in other
embodiments, the light source 310, receiving element 312, and sensor 314 can all be disposed
within the handle 304 or at some other location on the deliverv apparatus that remains outside
of the patient’s body during use. In such embodiments, the portion of the first fiber 316

configured to emit light can likewise be disposed in the handie 304,

{01257 In the illustrated embodiment, only one actuator assembly 305 comprising first
actuator 306 and second actuator 308 is shown. However, the delivery apparatus 300 can
nclude a plurality of actuator assemblics 303, which can be circumferentially spaced apart
from each other and can extend axially through an outer shaft (such as outer shaft 204 of FIG.
5} from the handle 304 to the prosthetic valve 100, Similarly, only one first fiber 316 and one
second fiber 318 are shown in the illustrated embodiment. However, in alternative
embodiments, a pair of first and second fibers 316, 318 can be provided for cach actuator

assembly 305 where multiple actuator assemblies 303 are provided.

{01261 Referring now to FIG. 9, the sensor 314 can comprise a housing 322 having a
proximal end portion 324 and a distal end portion 326. The housing 322 can nclade a butfer
member 328 defining an inner umen 330 into which a distal end portion 318a of the second
fiber 318 can extend. The buffer member 328 can oxtend axially at least partially along the
length of the housing 322. A recess 332 is defined within the bousing 322, In the tllustrated
embodiment, the recess 332 is disposed along the distal end portion 326 of the housing 322
between the distal end of the buffer member 328 and a distal wall of the housing. However,
in other embodiments, the recess can be positioned at any location along the length of the
housing 322. An optical coupler 334 can be positioned within the recess 332 and can be
configured to couple light emitted by the distal end portion 316a of the first fiber 316 into the

distal end face 336 of the second fiber 318, as represented by arrows 338 (FIG. 10).

{01277 For example, n the illustrated embodiment, the optical coupler 334 can comprise a

reflective clement (e.g.

b=t

a mirror) positioned at an approximately 45-degree angle relative to
an internal surface 340 of the housing. However, in other embodiments, the optical coupler

can be, for example, a 45-45-90 prism with a flat hypotenuse surface comprising a reflective

H
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metal. In some embodiments, the hypotenuse surface can be curved to provide additional

focusing or optical power.

[0128]1 In still other embodiments, the optical coupler 334 can be a cut or otherwise modified
portion of the second fiber 318, In some embodiments, the distal end face 336 of the second
fiber 318 can be cut such that it extends at an angle relative to an internal surface of the
housing 334, In such embodiments, the distal end face 336 of the second fiber 318 can
extend past a distal edge 342 of the buffer member 328 and into the recess 332, In some
embodiments, the distal tip portion of the second fiber 318 can be bent toward the side
surface of the first fiber 316, for example, at a 90-degree angle so that the end face 336 faces
the side of the first fiber 316 within the recess 332, in which case the coupler 334 can be

optional.

{01291 The buffer member 328 can comprise an opaque or light-resistant material
configured to prevent light emitted by the first fiber 316 from entering the sccond fiber 318

except at the exposed distal end face 336.

[0130] Referring again to FIG. 8, the bousing 322 of the sensor 314 can be coupled to the
first actuator 306, In the Hlustrated embodiment, the housing 322 extends radially through a
wall of the first actuator 306 sach that a portion of the housing 322 is disposed within a
fumen of the first actuator 306 and a portion of the housing 322 is disposed within the wall of
the first actuator 306. The housing 322 can be fixed in place relative to the first actuator 306
using a ring 344 mounted around and affixed to the first actuator 306 and affixed to the
housing 322. In other embodiments, the housing 322 of the sensor 314 can be fully contained
within the wall of the first actuator 306, In still other embodiments, the housing 322 can be

coupled to an outer surface of the first actuator 306.

[0131} The first fiber 316 can extend through the housing 322 and can be axially movable
relative to the housing 322, The first fiber 316 can have a distal end portion 316a and a
proximal end portion 316b. The distal end portion 316a can be coupled to the second
actuator 308 of the delivery apparatus 300 at a location adjacent the prosthetic valve 100.
Movement of the second actuator 308 {e.g., during radial expansion of the prosthetic valve
100) can result in corresponding movement of the first fiber 316, For example, a tip portion
315 of the first fiber 316 can be connected to a ring 346 mounted around and affixed to the

second actuator 308, In alternative embodiments, other coupling means (e.g.. adhesives, ¢tc.)
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can be used to couple the first fiber 316 to the second actuator 308, The proximal end portion

316b of the first fiber can be coupled to the light source 310.

{01321 The second fiber 318 can have a distal end portion 318a and a proximal end portion
318b. The distal end portion 318a can extend mto the lumen 330 of the buffer member 328
and can be fixed relative to the housing 322 using, for example, an adhesive. As best scen in
FIG. 9, the second fiber 318 can be fixed relative to the buffer member 328 such that a distal
end face 336 of the second fiber 318 aligns or substantially aligns with a distal edge 342 of
the buffer member 328, In embodiments wherein the coupling element 334 comprises a cut
or otherwise modified portion of the second fiber 318, the distal end portion 318a of the
second fiber 318 can extend past the distal edge 342 and into the recess 332, As best scen in
FIG. 8, the proxamal end portion 318b of the second fiber 318 can be coupled 1o the receiving

clement 312,

[0133] Reterring again to FIG. 9, the distal end portion 316a of the first fiber 316 can be
configured such that relative axial movement between the first fiber 316 and the housing 322
{and the second fiber 318) produces a light pattern that is representative of radial expansion
or compression of the prosthetic valve. The light pattern is transmitied to the recetving
element 312 via the second fiber 318, The control unit 360 can be programmed to determine
the diameter of the prosthetic valve as the prosthetic valve is radially expanded and/or
compressed within the patient’s body based on light pattern sensed by the receiviag clement
312. This can be accomplished, for example, by providing, along the Iength of the distal end
portion 316a, sections of varying transmissivity of Hight in a lateral or radial direction and/or
sections that can emit selected wavelengths of light in a lateral or radial direction. In the
present disclosure, light traveling in a “lateral” direction means that light is emitted from the

outer side surface of the fiber 316.

10134] In the dHlustrated embodiment of FIGS. 9-10, for example, the distal end portion 316a
has a pattem of first sections 348 alternating with sccond sections 350 along the length of the
distal end portion 316a. First sections 348 (also referred to as marked portions in some
embodiments} prevent or minimize the amount of light that is emitted from the first fiber 316
in a radial or lateral direction into the housing 322, Second sections 350 allow light {or more
light than allowed by first sections 348) to be emitted into the recess 332 of the housing 322,

Thus, as the first fiber 316 is moved longitudmally, relative to the housing 322, the first fiber
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produces a light pattern comprised of flashes of light alterating with no hight {or flashes of
less hight) into the recess 332, which is then reflected into the second fiber 318 and
transmitted to the receiving element 312. The light pattern can then be used to determine the

diameter of the prosthetic valve, as further described below.

{01351 The sections of varying transmissivity can be formed in a variety of ways. In the
itlustrated embodiment, the distal end portion 316 can comprise a bare fiber core (e.g., a glass
core) that is surrounded bv a diffusing element or layer 320 (e.g., one or more light-
transpniting polymer layers) that has a ligher index of refraction that the fiber core to
facilitate the emission of light in a lateral direction from the fiber core. First sections 348 can
be opaque sections formed on the diffusing layer 320, such as by painting or otherwise
coating the diffusing layver with an opague matenal at selected intervals. Second sections 350
can be non-coated or exposed portions of the diffusing layer 320 that allows hight to be

emitted in a lateral direction into the housing.

[0136] In alternative embodiments, the distal end portion 316a can comprise a bare fiber
core {¢.g., a glass core} without any cladding that is treated at selected intervals to form first
and second sections 348, 350, Typically, the core of an optical fiber has a smooth outer
surface that prevents all or most of the light from escaping from the core in a lateral direction.
Thus, the first sections 348 can be untreated sections of the fiber core having a smooth outer
surface. In some embodiments, an opague material can be applied {¢.g., painted} on the fiber
core along sections 348 to prevent all light from escaping fron: the fiber core along those
sections. The second sections 350 can be sections of the fiber core that are roughened (e.g.,
abraded) or otherwise modified to facilitate the emission of light from the fibercorein a
lateral direction. For example, any fiber cladding layers can be removed to expose the
surface of the fiber core, which can be physically or chemically abraded at selected intervals
to form sections 350, The roughened surfaces 350 allow light to diffuse outwardly from the
fiber core. In another example, in lieu of or in addition to roughening the surface of the fiber
core, the second sections 350 can include notches cut or otherwise formed along those
sections of the fiber core which promote the transmission of light from the fibercore ina
lateral direction. In another example, the sccond sections can include a plurality of optical
stractures or inclusions (e.g.. optical nanostructurcs} within the fiber core. The optical

structures can modify the refractive index of the fiber core, allowing light to scatter or leak
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from the fiber. In some embodiments, the fiber core can additionally be coated with a laver
of light diffusing material, such as a light transmitting polymer material, at least along the

roughened or notched portions 350.

[0137] In other embodiments, n licu of or n addition to the diffusing element or layer, the
distal end portion 316a can comprise a plurality of grooves laser-cut into the cladding
surrounding the fiber core to promote diffusion of light in a lateral direction. For example, in
particular embodiments, spiral-shaped grooves can be carved into the fiber cladding using
lasers (e.g., C{h lasers). The fiber core can be, for example, a step-index multi-mode fiber
having a numerical aperture of 0.22 or 0.37 and a fiber core diameter of > 200 pm. The first
sections 348 can include opaque lavers 1o prevent diffusion and the second sections 350 can
be sections of the grooved fiber that do not have opague layers. Alternatively, the first
second sections 348, 350 can be formed by selectively forming the grooves only along

second sections 350, while the first sections 348 inchide the cladding without any grooves.

f0138] In altemative embodiments, the distal end portion 316a can comprise an optical fiber
with the cladding removed to expose the bare fiber core at selected intervals to form the
second sections 350, The first sections 348 can be sections of the optical fiber that still have
the cladding. The second sections 350 can be roughened or formed with notches or
mnclasions as described above and/or can inchude one or more diffusing layvers formed around
the bare fiber core. In such cases, the entire length of the fiber core along the distal end
portion 316a can be roughened or formed with notches or inclusions as described above and
the distal end portion 316a can include sections of cladding and/or opague layers at selected

mtervals to form first sections 348, thereby allowing diffusion at sections 350.

{01391 In alternative embodiments, the distal end portion 316a can comprises a bare fiber
core that includes sections that are treated to have varying degrees of roughness, and
therefore varying degrees of transmissivity in the lateral direction. For example, the first and
second sections 348, 350 can be sections of the fiber core that are roughened (¢.g., abraded)
with the first sections 348 having a relatively less surface roughening than sections 350, This
will produce a light pattern comprised of alternating flashes of relatively bright light and

relatively dim light.

{01401 In any embodiments descrnibed herein, the first fiber 316 can comprise a fluorescent

optical fiber or rod that naturally emits light m all directions (laterally and longitudinally), as
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compared to an optical fiber used in telecommunications or other applications wherein the
emission of light in the lateral direction is undesirable. A fluorescent optical fiber
{sometimes referred to as a “side glow™ fiber™) can compnse, for example, one or more
polymeric layers containing fluorescent particles or dyves. o such cmbodiments, the second
sections 350 can be untreated sections of a bare fiber while the first sections 348 can be
formed by applving an opaque material at selected intervals on the bare fiber. However, any
of the features and technigques for fornming the distal end portion 3 16a described above can be

applied to embodiments where the first fiber comprises a fluorescent optical fiber,

{01411 Asnoted above, the embodiment of FIGS. 9-10 includes a diffusing layer 320 with
first sections 348 that are “marked” portions of the layer 320 and second sections 350 that are
“exposed” portions of the layer 320, Thus, in the sections that follow that describe the
operation of the measurement device 302, sections 348, 350 are referred to as marked
portions 348 and exposed portions 350, but it should be understood that the following
description applics to embodiments that do not have a diffusing laver but still have sections
348, 350 of varying transmissivity.

{01421 The marked portions 348 and exposed portions 350 can have predetermined lengths.
Accordingly, the displacement or relative axial movement of the first fiber 316 relative to the
housing 322 and therefore the diameter of the prosthetic valve, can be determined by
counting the number of marked and/or exposed portions 348, 350 that align with a
predetermined location on the housing, for example. the recess 332, As used herein, “aligns”
means that at least a portion of a marked and/or exposed portion 348, 350 extends over the
recess 332, One or more portions can be aligned with the recess simultaneously, as shown in
FiI(G. 10. When two portions are both aligned with the recess, both portions can affect the
light emtted by the first fiber 316, For example, if a marked portion 348 and an exposed
portion 350 are both aligned with the recess 332, the hight emitted by the exposed portion 350
will be dimmer than if only the exposed portion 350 were aligned with the recess. The
control unit 360 can be configured to filter out the dinumer lights and count only cach full
“flash” or “blink” of light that is generated when only the exposed portion is aligned over the
recess. In other words, in some embodiments, the control unit 360 counts the number of
times that a portion 350 is fully exposed to the recess while ignoring the times that a portion

350 1s only partially exposed to the recess based on the brightness of light.
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{01431 In some embodiments, the control unit 360 can be configured to determine the extent
that an exposed portion 350 extends partially over the recess 332 based on the amount of Tight
detected by the receiving element as compared to the amount of light for a full “flash.” Ifan
exposed portion 350 extends partially over the recess, the control unit 360 can determine the
length of a portion 330 that 1s aligned with the recess based on the brighiness of the hight
received by the receiving element 312, In this way, the control unit 360 can calculate the full

length of movement of the first fiber 316 relative to the housing 322, and therefore the

diameter of the prosthetic valve at any point in time.

{01447 Generally, as the prosthetic valve 100 is expanded, the second actuator 308 {and
therefore the first fiber 316) moves axially, for example, in a proximal direction. As the first
fiber 316 moves, the marked portions 348 of the distal end portion 316a move relative to the
housing 322 and align with the recess 332, creating a patiern of emitted light that can be
transmitted through the second fiber 318 and received by the receiving element 312, as

described m more detail below.

{01451 As mentioned previously, the first fiber 316 can extend through the housing 322 and
past a distal end portion 326 of the housing 322, The first fiber 316 can extend through an
opening 332 n the distal end portion 326. The sensor 314 can further comprise a sealing
member 354 configured to extend over the distal end portion 316a of the first fiber 316 and
prevent bodily fhuids {e.g., blood) from entering the housing 322 through the opening 352. In
the Hlustrated embodiment, the sealing member 354 comprises a bellows seal connected at
one end to the distal end portion 326 of the housing and at another end to the tip portion 315
of the first fiber 316. The scaling member defines a tumen 356 into which the distal end
portion 316a of the first fiber extends. The sealing member can be formed from a flexible
polymeric sheet. The sealing member 354 can be configured to streich and collapse axially
as the first fiber 316 moves distally and proximally, respectively. In an alternative
embodiment, the sealing member 354 can be an O-ring disposed around the opening 352. In
such emboduments, the O-ring can be sized to fit tightly against the outer surface of the first
fiber 316 such that bodily fluids are wiped off the first fiber as it enters the housing 322, In
this way, the O-ring prevents or mitigates the entrance of bodily fluids into the housing 322
{01461 Measurement device 302 can comprise a control unit 360 comprising a display.

Control unit 360 can be similar to the above-described control unit 230 comprising display
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234. The control unit 360 can be operatively coupled to the light source 310 and/or the
recerving element 312 via one or morg wires or cables and/or via a wireless communication
link. The control until 360 can be configured to continuously calculate the diameter of the
prosthetic valve 100 based on the measurement inputs provided by the sensor 314 and to
display the diameter of the prosthetic valve 100 on the display in real-time as the prosthetic
valve 100 is expanded dunng an implantation procedare. During the implantation procedure,
a physician can monitor the diameter d of the valve to determine when the prosthetic valve is
at the diameter that best fits the patient’s native annulus. In some embodiments, signals from
the receiving element 312 and/or light source 310 can be converted from a digital signal to an

analog signal using a digital-to-analog converter {BAC) 362.

[0147] Referrmmg to FIGS. 9-10, during expansion of the prosthetic valve 100, the first
actuator 306 can move distally and/or the second actuator 308 can move proximally, thus
causing the first fiber 316 to move axially relative to the sensor 314, When the first fiber 316
is in a first axial position {sce ¢.g., FIG. 9) a marked portion 348a can be aligned with the
recess 332, The marked portion 348a prevents or mitigates light from propagating into the
recess 332, Accordingly, no light or a minimal amount of light travels through the second
fiber 318 to the receiving clement 312, As the second actuator 308 moves, the first fiber 316
moves axially to a second axial position (see ¢.g., FIG. 10}, In the second position, an
gxposed portion 350a can be aligned with the recess 332, Light emitted by the exposed
portion 350a can propagate into the recess 332 and be coupled into the end face 336 of the
second fiber 318 by the optical coupler 334, as shown by arrows 338, The light can travel
through the second fiber 18 and be received by the recerving element 312, In some
embodiments, the end face 336 can be roughened and/or formed with notches or other surface

features to promote the coupling of light into the second fiber 318,

{01481 As the first fiber 316 continues to move axially {e.g., in a proximal direction as
shown by arrow 358}, alternating marked portions 348 and exposed portions 350 will
respectively align with the recess 332 thereby creating “flashes” or “blinks” of light which
are transmitied to the recerving element 312, The receiving element 312 can detect the blinks
and the control umt 230 can use the number of bhinks to calculate the current diameter of the

prosthetic valve 100,
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[0149] As mentioned previously, each marked portion 348 and each exposed portion 350
can have a predetermined length. For example, each marked portion 348 can have a first
length L1 and each exposed portion can have a second length Lo, 1n some embodiments, Ly
and Lz can be equal. In other embodiments, Li can be greater than Lo or vice versa. The
receiving element 312 can determine the relative axial movement Ro between the first fiber
316 and the sensor 314 by counting the mumber of blinks. For example, in some particolar

embodiments, the relative movement Rz can be calculated according to the equation:

Equation 4. Rz =5 (L; + L2); where Rz = relative axial movement between the first fiber
and the sensor; n = number of blinks; L1 = length of cach marked portion; and L, = length of

cach exposed portion.

{01501 The relative movement Ro can be subtracted from the starting height H of the
prosthetic valve 100 (see ¢.g., FIG. 3) in its radially compressed configuration in order to
calculate the current and/or expanded height h {see ¢.g., FIG. 4) of the prosthetic valve 100

according to the following equation:

Equation 5. 4 = (H — Rz, where h = current/cxpanded height of the valve; H = crimped

height of valve; and R = relative axial movement between the first fiber and the sensor.

{01517 The expanded height h can be used to calculate the current diameter d (see e g., FIG.

4} of the prosthetic valve 100 using Equation 2 described above.

{01521 As shown in FIG. &, the first and second fibers 316, 318 desirably extend substantially
the entire length of the first and second actuators 306, 308 and are coupled to first and second
actuators 306, 308 at a location adjacent the prosthetic valve 100, Accordingly, movement of
the first fiber 316 relative to the sensor 314 accurately reflects the relative movement of the
opposing ends of the prosthetic valve 100, Compression of the first actuator 306, elongation
of the second actuator 308, bending of the delivery apparatus 300, and/or clearance between
components of the delivery apparatus have little effect, if any, on relative movement between
the first fiber 316 and the sensor 314, In other words, placement of the sensor 314 adjacent
the prosthetic valve 100 (which allows the actual measurement to take place adjacent the
prosthetic valve) isolates the sensor 314 and the first fiber 316 trom forces acting on the first
and second actuators 306, 308 between the handle 304 to provide an accurate measurement of
the movement of the opposing ends of the prosthetic valve, which in turn yields an accurate
measurcment of the diameter of the prosthetic valve.
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[0153] During implantation, the physician can select a diameter for the prosthetic valve 100
and use the delivery apparatus 300 to expand the prosthetic valve 100 to the selected

diameter. During expansion of the prosthetic valve 100, continuous real-time monitoring of
the current diameter and radial force output can help prevent over-expansion, thus mitigating

the risk of annular rupture.

{01541 For example, a user can actuate the handle 304 of the delivery apparatus 300 to move
the second actuator 308 proximally and/or to move the first actuator 306 distally. Because
the first and second actuators 306, 308 are secured to the frame at axially spaced locations,
moving the first and second actuators 306, 308 relative to one anther causes radial expansion
or compression of the frame 102, For example, moving the second actuator 308 proximally
toward the outflow end of the frame, while holding the first actuator 306 10 a fixed position or
moving the first actuator distally toward the inflow end of the frame can cause the frame to
foreshorten axially and expand radially. As the second actuator 308 moves proximally, the
first fiber 316 also moves proximally, resulting in movement of the distal end portion 316a of
the first fiber 316 relative to the recess 332, Light transmitted through the first fiber 316 is
emitted into the recess 332 in a pattern determined by the marked and exposed portions 348,
350 of the distal end portion 316a. The pattern of couitted light is coupled in to the second
fiber 318 by the optical coupler 334 and transmitted to the receiving element 312, The
control unit 230 can then use the pattern to continuously calculate the diameter of the

prosthetic valve as the prosthetic valve is radially expanded.

f0155] FIGS. 11-12 ilustrate another exemplary embodiment of a sensor 400 useable with
the delivery apparatus 300 and the measurement device 302, The sensor 400 can be used in
lieu of or in addition to sensor 314. The sensor 400 can be configured to determine relative
movement of a first fiber 401 and the direction of movement (e.g., proximal or distal) of the
first fiber 401, Similar to sensor 314, sensor 400 can comprise a housing 402, a buffer
member 404 defining a recess 406, and an optical coupler 408. However, the distal end
portion 401a of the first fiber 401comprises marked portions 412, first filtered portions 414,
and second filtered portions 416. As light 1s emitted from the first fiber 401, the patiem
produced by the marked portions 412 and the first and second filtered portions 414, 416
allows the receiving element 312 to determine in what direction {e.g., proximally or distally}

the first fiber 401 is moving relative to the housing 402, The receiving element 312 can then
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take the direction of movement into account when calculating the current diameter of the

prosthetic valve 100

{01561 As shown in FIG. 11, the distal end portion 401a of the first fiber 401 can comprise a
selocted pattern of marked and/or filtered portions, 412, 414, 416. For purposes of
tHustration, the marked portions 412 and the first and second filtered portions 414, 416
mclude different fill patterns. The marked portions 412 can be configured to prevent or
mininuze the diffusion of light therethrough. In the illustrated embodmment, the distal end
portion 401a of the first fiber comprises a bare fiber core and a diffusing layer 410 extending
over the bare fiber core. The marked portions 412 can be formed on the diffusing fayer 410.
in other emboduments, the marked portions 412 can be formed directly on the bare fiber core
of the first fiber 401. The marked portions 412 can be, for example, opague masks

comprising a coating, a paint, etc.

f0¥571 In other embodiments, the marked portions 412 do not necessarily need to be layers
of material formed on the diffusing laver or on the bare fiber core. Instead, as described
above, these portions can simply be untreated sections of the bare fiber core or sections of the
optical fiber that have a cladding. Thus, in certain embodiments, portions 412 can simply be
referred to as sections of the first fiber that do not emit light in the lateral direction, or less

light than adjacent sections of the first fiber.

f01581 The filtered portions 414, 416 can be covers or layers of material formed on the
diffusing laver 410 or directly on the bare fiber core and which are configured to emit a
particular wavelength or spectrom of light. For example, the filtered portions 414, 416 can
comprise transhucent covers, such as translucent polymeric sheaths, Each translucent cover
can be configured to emit light of a particular wavelength, that is, to emit a particular color.
In particufar embodiments, the first filtered portions 414 can be configured to emit a first
wavelength of light and the second filtered portions 416 can be configured to cmit a second
wavelength of light. For ease of description, the first filtered portions 414 will be described
as emifting a green light and the second filtered portions 416 will be described as emitting a
red light, however, it should be noted that any colors can be used provided the receiving
clement 312 can differentiate between the wavelengths emitted by the first and second

filtercd portions.
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[01591 In some embodiments, the light source 310 can be configured to emit broad spectrum
hight that can be fittered by the first and second filtered portion 414, 416 to enmut only a
particular wavelength of light. I other embodiments, the light source can be configured to

emit onlv particular wavelengths of light to propagate through the first fiber 316.

{01601 In the illustrated embodiment, the portions 412, 414, 416 are arranged in the
following repeating pattern: a marked portion 412, which is followed by a first portion 414,
which is followed by a second portions 416 moving in a distal-to-proximal direction.
However, in other embodiments, the portions can be arranged in any preselected order. For
example, a marked portion 412, followed by a second portion 416, followed by a first portion
414, In the illustrated embodiment, the pattem extends along substantially the entire length
of the distal end portion 401a of the first fiber 401, However, in other embodiments, the

pattern can extend along a portion of the distal end portion 401a.

{01611 Each marked portion 412 and each first and sccond filtered portion 414, 416, can
have a predetermined length. For example, cach marked portion 412 can have a first length
1.1, each first filtered portion 414 can have a second length Lo, and each second filtered
portion 416 can have a third length Ls. In some embodiments, L, L2, and L5 can be equal. In
other embodiments, L1 can be greater than L2 which can be equal to L, or Lz can be greater

than L3 which can be greater than Ly, etc.

[0162] Asthe first fiber 401 moves axially {e.g.. in a proximal or distal direction as shown
by arrow 418), the marked portions 412 and first and second filtered portions 414, 416 will
align with the recess 406 in a particolar order thereby creating a pattern of “flashes” or
“blinks” of lights which are transoutied to the receiving element 312 via second fiber 403,
The recetving element 312 detects the pattern of blinks and the control unit 360 can use the
pattern to calculate the current diameter of the prosthetic valve 100. As mentioned
previously, one or more portions can be aligned with the recess simultancously (see e.g., FIG.
11). When two portions are aligned with the recess, both portions can affect the light emitted
by the distal end portion 401a. For example, if a marked portion 412 and a filtered portion
414, 416 are both aligned with the recess 406, the hight emitted by the filtered portion 414,
416 will be dimmer than if only the filiered portion 414, 416 were aligned with the recess. As
mentioned previcusly, the control unit 360 can be configured to filter out the dunmer lights

and count only each full “flash” or “blink” of light. In other words, the control unit 360
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counts the number of times that a filtered portion 414, 416 is fully exposed to the recess while
ignoring the times that a filtered portion 414, 416 1s only partially exposed to the recess based

on the brightness of light.

[0163] In some embodiments, 1t a portion 414, 416 extends partially over the recess, the
control unit 360 can determine the length of a portion 414, 416 that is aligned with the recess
bascd on the brightness of the Hght received by the receiving clement 312, In this wav, the
control unit 360 can calculate the full length of movement of the first fiber 401 relative to the

housing 402 at any point in time.

{01641 For example, as shown in FIG. 11, first and sccond filtered portions 414a, 416a can
be aligned with the recess 406, Accordingly, both green and red light can be emitted into the
recess 406 and transmitted through the second fiber 318 to the receiving clement 312, I the
first fiber 401 moves proximally {e.g., as the prosthetic valve 100 is radially expanded), the
second filtered portion 416a no longer aligns with the recess 406, and only green light is
transmutted through the second fiber 403 to the receiving element 312, The receiving element
312 and/or the control unit 230 can determine the direction of movement of the fiber 401
based on which portion comes next in the sequence. Based on the transition from red/green
light emission to green light emission, the receiving element 312 and/or the control unit 360
can determine that the first fiber 401 is moving in a proximal direction. Alternatively, if the
first fiber 401 moves distally {¢.g., as the prosthetic valve 100 is radially compressed), the
first filtered portion 4 14a no longer aligns with the recess 406 and only red light is
transnuitted through the second fiber 403 into the receving clement 312, Based on the
transition from red/green light emission {o red light emission, the receiving element 312
and/or the control unit 360 can determine that the first fiber 316 is moving in a distal

direction.

10165] The receiving element 312 can determine the relative axial movement R; between the
first fiber 401 and the sensor 400 using the number of blinks and the direction of movement
of the fiber. For example, the amount of movement in a fivst direction {e.g., proximally} can
be determined by multiplying the mumber of blinks in the first direction by the length of each
portion 412, 414, 416 that passes the recess 406 travelling in the first direction. The amount
of movement in a second direction {e.g., distally) can be determined by multiplying the

number of blinks in the first direction by the length of cach portion 412, 414, 416 that passes
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the recess 406 travelling in the second direction. The amount of movement i the second
direction can be subtracted from the amount of movement in the first direction in order to
determine the relative axial movement of the first fiber 401 relative to the housing 402 in the

first direction.

{01661 In some particolar embodiments, the relative movement Rs of the first fiber 401

relative to the sensor 400 can be caleulated according to the equation:

Equation 60 Rs= (a1 (L1 + L2+ L3} - n2 (Ly + Lo + La)); where Rz = relative axial
movement between the first fiber and the sensor; ni = number of blinks in a first direction; n2
= number of blinks in a second direction; L1 = length of cach marked portion; Lz = length of

each first filtered portion; and La = length of each second filtered portion.

{01671 The relative movement Rs can be subtracted from the starting height H of the
prosthetic valve 100 (see e.g., FIG. 3) in 1ts radially compressed configuration i order to
calculate the current and/or expanded height b {see e.g., FIG. 4} of the prosthetic valve 100

according to the following equation:

Equation 7. & = (H — Raj; where h = current/expanded height of the valve; H = crimped

height of valve; and Rs = relative axial movement between the first fiber and the sensor.

[01681 The expanded beight b can be used to calculate the current diameter d (see ¢ g, FIG.

4} of the prosthetic valve 100 using Equation 2 described above.

[0169] As discussed previously, the receiving clement 312 can be operatively coupled to a
control unit, such as control unit 360 comprising a display, via one or more wires or cables
and/or via a wireless communication link. The control until 360 can be configured to
continuousty calculate the diameter of the prosthetic valve 100 based on the measurement
inputs provided by the sensor 400 and to display the diameter of the prosthetic valve 100 on
the display in real-time as the prosthetic valve 100 is expanded during an implantation
procedure. During the implantation procedure, a physician can monitor the diameter d of the
valve to determine when the prosthetic valve is at the diameter that best fits the native

annulus.

{01701 In a particular example, the relative movement of the first fiber 401 in the proximal
direction can be determined using the following exemplary method. A distal end portion of a

delivery apparatus 300 comprising sensor 400 (along with radially compressed prosthetic
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valve 100} can be advanced through the vasculature of a patient to a selected implantation
site {e.g., the native aortic annulus). Once the prosthetic valve 100 is posttioned at the
selected implantation site, a user can actuate the handle 304 of the delivery apparatus 360 to
mave the second actuator 308 proximally and/or to move the first actuator 306 distally to
cause radial expansion of the frame 102, For example, moving the second actuator 308
proximally toward the outflow end of the frame, while holding the first actuator 306 in a
fixed position or moving the first actuator distally toward the inflow end of the frame 102 can

cause the frame to foreshorten axially and expand radially.

{01711 When the prosthetic valve is in the radially compressed configuration, one or more
portions of the distal end portion 401a can be aligned with the recess 406, As the second
actuator 308 moves proximally, the first fiber 401 also moves proxamally, such that the
portions of the distal end portion 401a move relative to the recess 406, As each portion or
pair of portions aligns with the recess 406, light {or the absence of light) is transmitted to the
recetving clement 317 via the second fiber 403, The control unit 360 can use the pattern of
hight detected by the recciving element 312 and the above-deseribed equations to determine

the current diameter of the prosthetic valve 100 throughout the implantation process.

{3172] In some cases, once the prosthetic valve 100 has been at least partially expanded the
physician can determine whether the prosthetic valve needs to be repositioned and/or
deploved to a smaller diameter. In such cases, the physician can actuate the second actuator
308 1n a distal direction to re~compress or partially re~-compress the prosthetic valve 100, As
the second actuator 308 moves distally, the first fiber 401 can move distally such that the
portions 412, 414, 416 of the distal end portion 401a move distally relative to the recess 406.
As each portion or pair of portions aligns with the recess 406, light {or the absence of light) is
transmitted to the receiving element 312 via the second fiber 403, The control unit 360 can
use the above-described cquations to take the distal movement of the second actuator 208 into
account when calculating the diameter of the prosthetic valve. Accordingly, the prosthetic
valve diameter measurement can be more accurate because it accounts for radial expansion

and compression of the valve.

[0173] In alternative embodiments, the second fiber 318 of the measurement device can be
coupled to the light source 319 and can be used to transmit light into the housing 322, while

the first fiber 316 can be coupled to the receiving element 312 and can be used to transmit
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ight from the housing to the receiving element 312, In use, the actuator assembly of the
delivery apparatos 1s operated in the same manner as described above to produce relative
axial movement between the first fiber 316 and the housing 322, but the light pattern is
produced by the different sections 348, 350 of the first fiber becoming exposed to light
emitted imto the recess 332 by the second fiber. In this manner, the receiving element 312
detects a flash of light each time a section 350 moves above the recess 332. Similarly, the
embodiment of FIGS. 11-12 can be operated by using the second fiber 403 to transmit light
mto the housing and the first fiber to transmut a pattern of light from the housing to the
recetving element 312

{01741 Although the disclosed embodiments pertain generally to deliverv apparatuses and
methods for tmplantation of prosthetic heart valves m the native aortic valve, it should be
understood that the disclosed embodiments can be used to implant prosthetic devices at any
location of the heart or clsewhere in the body. Additionally, although the disclosed
embodiments pertain generally to transfemoral delivery of prosthetic devices, it should be
snderstood that the disclosed embodiments can be adapted for use with, for example,
transapical procedures, transaortic procedures, trans-subclavian procedures, transradial

procedures, or trans-septal procedures.

General Considerations

f0¥751 For purposes of this description, certain aspects, advantages, and novel features of
the embodiments of this disclosure are described herein. The disclosed methods, apparatus,
and systems should not be construed as being limiting m any way. Instead, the present
disclosure 1s directed toward all novel and nonobvious features and aspects of the various
disclosed embodiments, alone and i vanous combinations and sub-combinations with one
another. The methods, apparatus, and systems are not limited to any specific aspect or
feature or combination thercof, nor do the disclosed embodiments require that any one or

more specific advantages be present or problems be solved.

[0176] Although the operations of some of the disclosed embodiments are described in a
particular, sequential order for convenient presentation, it should be understood that 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,
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the attached figures may not show the various ways m which the disclosed methods can be
psed 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.

[01771 All features described herein are independent of one another and, except where
structurally impossible, can be used in combination with any other feature described herein.
For example, a measurement device as shown in FIG. 5 or a measurement device as shown in
FIG. 8 or FIG. 11 can be used in combination with prosthetic valve 10. In another
embodiment, a measurement device as shown 1in FIG. § can be used in combination with a

measurement device as shown in FIG. & and/or in FIG. 11,

[01781 Asused in this application and in the claims, the singular forms “a,” “an,” and “the”
inchide the plural forms unless the context clearly dictates otherwise. Additionally, the term
“includes” means “comprises.” Further, the term “coupled”™ generally means physically,
mechanically, chemically, magnetically, and/or electrically coupled or linked and does not
exclude the presence of intermediate elements between the coupled or associated items absent

specific contrary language.

[0179] 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 tmplantation site. Thus, for example, proximal motion of a
device 1s 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 {¢.g., into the paticnt’s body). The terms
“longitudinal” and “axial” refer to an axis extending in the proximal and distal directions,

unless otherwise expressly defined.

{01807 In view of the many possible embodiments to which the principles of the disclosed
invention may be applied, it should be recognized that the tlustrated embodiments are only

preferred examples of the invention and should not be taken as limiting the scope of the
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mvention. Rather, the scope of the mvention is defined by the following claims. We

therefore claim as our tnvention all that comes within the scope and spirit of these claims.
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We claim:

1. A medical assembly, comprising:
a prosthetic heart valve that is radially expandable and compressible between a
radially compressed configuration and a radially expanded configuration; and
a dehivery apparatus comprising:
a handle,
at least one first actuator extending from the handle and coupled to a proximal
end portion of the prosthetic heart valve, wherein the at least one first actuator is
configured to apply a distally directed force to the proximal end portion of the
prosthetic valve;
at least one second actuator extending from the handle and coupled to a distal
end portion of the prosthetic valve, wherein the at least one second actuator is
configured to apply a proximally directed force to the distal end portion of the
prosthetic valve;
a sensor;
a first motion-transmitting member having a distal end portion coupled to the
at least one first actuator and a proximal end portion coupled to the sensor; and
a second motion-transmitiing member having a distal end portion coupled to
the at least one second actuator and a proximal end portion coupled to the sensor;
wherein the prosthetic heart valve is radially expandable from the radially compressed
configuration to the radially expanded configuration upon actuating the at least one first
actuator and the at least one second actuator to apply the distally divected force and the
proximally directed force, respectively, to the prosthetic heart valve;
wherein the sensor senses relative movement between the first and sccond motion-
transmitting members upon actuation of the at least one first actuator and the at least one

second actuator to determine the diameter of the prosthetic heart valve as it 1s expanded.

2. The medical assembly of claim |, wherein the sensor is a linear displacement

SCNSOT.
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3. The medical assembly of claim 2, wherein the linear displacement sensor
comprises a linear variable differential transformer (LVDT), an optical linear encoder, a

linear potentiometer, an optical sensor, a capacitive sensor, or combinations thereof.

4. The medical assembly of any of claims 1-3, further comprising a load cell
disposed within the handle and coupled to a proximal end portion of the at least one second
actuator, wherein the load cell is configured to measure tensile force in the second actuator as

the prosthetic valve expands.

5. The medical assembly of claim 4, wherein the load cell is selected from the
group consisting of: a compression load ccll, a strain gauge load cell, a piczocleoctric load cell,

a pneumatic load cell, a hvdraulic load cell, or combinations thereof.

6. The medical assembly of any of claims 1-5, further comprising a control unit
m conununication with the sensor and when dependent on claims 4-5, the load cell, wherein
the control unit is configured to caleulate at least one of the real-time radial force and the

real-time diameter of the prosthetic valve.

7. The medical assembly of claim 6, wherein the control unit comprises a display
configured to display to a user at least one of the real-time radial force and the real-time

diameter of the prosthetic valve.

&. The medical assembly of claims 6 or 7, wheremn the control unit is configured
to control the first and second actuators to expand the prosthetic valve according to a

preprogrammed expansion algorithm.

9. The medical assembly of any of claims 1-8, wherein the prosthetic heart valve
has at least one push-pull actuator assembly comprising a first member attached to the
proximal end portion of the prosthetic heart valve and a second member attached to a distal
end portion of the prosthetic heart valve, and wherein the at least one first actuator is
releasably coupled to the first member and the at least one second actuator is releasably

coupled to the second member.
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16.  The medical assembly of any of claims 1-9, wherein the at least one second

actuator extends through the at least one first actuator.

Il The medical assembly of any of claims 1-10, wherein the first and second

motion-transmitting members comprise first and second wires.

12, The medical assembly of any of claims 1-11, wheremn the first and second
motion-transmitting members extend the majority of the lengths of the first and second

actuators, respectively.

3. The medical assembly of claim 12, wherein the distal end portions of the first
and second motion-transmitting members are affixed to the first and second actuators,

respectively, at respective locations adjacent the prosthetic heart valve.

14, A delivery apparatus for a prosthetic heart valve, comprising:

a handle;

at least one first actuator and at least one second actuator extending trom the handle,
the first actuator being configured to apply a distally divected force to a proximal end portion
of a prosthetic heart valve and the second actuator being configured to apply a proximally
directed force to a distal end portion of the prosthetic heart valve to radially expand the
prosthetic heart valve;

4 Sensor;

a control unit in commaunication with the sensor;

a first motion-transmitting member baving a distal end portion coupled to the at least
one first actuator and a proximal end coupled to the sensor;

a second motion-transmitting member having a distal end portion coupled to the at
least one second actuator and a proximal end coupled to the sensor;

wherein the sensor seases relative movement between the first and second motion-
transmuitting members upon actuation of the at least one first actuator and the at least one
second actuator and the control unit determines the real-time diameter of the prosthetic heart

valve as it expands from a radially compressed configuration to a radially expanded
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configuration based on the relative movement between the first and second motion-

transpniting members.

15, The delivery apparatus of claim 14, wherein the sensor is a lincar

displacement sensor.

16, The delivery apparatus of claims 14 or 15, further comprising a load ccil
operatively coupled to the second actuator, the load cell configured to measure tension in the

second actuator as the prosthetic valve expands.

17.  The delivery apparatus of any of claims 14-16, wherein the control unit is
configured to calculate the real-time radial force of the prosthetic valve based on the tension

of the second actuator.

18 The delivery apparatus of claim 17, wherein the control unit further comprises
a display configured to display to a user at least one of the real-time radial force and the real-

time diameter of the prosthetic valve

19, The delivery apparatus of any of claims 14-18, wherein the first and second
motion-transmitting members comprise first and sccond wires extending the majority of the

lengths of the first and second actuators.

20. A method of implanting a prosthetic heart valve, comprising;

mserting mnto the body of a patient a distal end portion of a delivery apparatus and a
prosthetic heart valve coupled to the distal end portion of the delivery apparatus in a radially
compressed configuration, the delivery apparatus comprising a handle, at least one first
actuator extending from the handle and configured to apply a distally directed force to the
proximal end portion of the prosthetic valve, at least one second actuator extending from the
handle and configured to apply a proximally directed force to the distal end portion of the
prosthetic valve, a sensor, a first motion-transnutting member having a distal end coupled to

the at least one first actuator and a proximal end coupled to the sensor, and a second motion-
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transmitting member having a distal end coupled 1o the at least one second actuator and a
proximal end coupled to the sensor;

advancing the delivery apparatus distally until the prosthetic valve is disposed at a
selected tmplantation site;

radially expanding the prosthetic heart valve by at least one of advancing the first
actuator distally and retracting the second actuator proximally; and

as the prosthetic heart valve 15 expanded, measuring with the seusor the relative
displacement between the proximal end portions of the first and second motion-transmiiting
members and calculating a real-time diameter of the prosthetic heart valve based on the

relative displacement between the first and second motion-transmitting members.

21, The method of claim 18, further comprising as the prosthetic heart valve is
expanded, measuring the radial force of the prosthetic valve against surrounding tissue using
a load cell coupled to at least one of the at least one first actuator and the at least one second

actuator.

22, The method of claim 20 or 21, further comprising displaying at least one of

the real-time diamecter and the radial force of the prosthetic heart valve on a display unit,

23, A delivery apparatus for a prosthetic heart valve, comprising!

a handle;

at least one first actuator and at lcast one second actuator extending from the handle,
the first actuator being configured to apply a distally directed force to a proximal end portion
of a prosthetic heart valve and the second actuator being configured to apply a proximally
directed force to a distal end portion of the prosthetic heart valve to radially expand the
prosthetic heart valve;

aload cell operatively connected to at least one of a proximal end portion of the first
actuator and a proximal end portion of the second actuator and configured to measure a load
on at least one of the first actuator and the second actuator; and

a controf unit in communication with the load cell and configured to calculate the
radial force applied by the prosthetic heart valve agamst surrounding tissue based on the load

measured by the load cell.
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24,  The delivery apparatus of claim 23, further comprising:

a sensor in communication with the control unit;

a first motion-transmitting member baving a distal end portion coupled to the at least
one first actuator and a proximal end coupled to the sensor;

a second motion-transmitting member having a distal end portion coupled to the at
least one second actuator and a proximal end coupled to the sensor;

wherein the sensor senses relative movement between the first and second motion-
transmitting members upon actuation of the at least one first actuator and the at least one
secontd actuator and the control unit determines the real-time diameter of the prosthetic heart
valve as it expands from a radially compressed configuration to a radially expanded
configuration based on the relative movement between the first and second motion-

transmitting members.

25. A prosthetic heart valve assembly, comprising:

a prosthetic heart valve movable between a radially compressed configuration and a
radially expanded configuration; and

a delivery apparatus comprising;

a handle comprising a light source and a receiving element,

a first actuator extending from the handle and coupled to a first portion of the
prosthetic heart valve, wherein the first actuator is configured to apply a distally
directed force 1o the first portion of the prosthetic valve,

a second actuator extending from the handle and coupled to a second portion
of the prosthetic valve, wherein the actuator is configured to apply a proximally
directed force to the second portion of the prosthetic valve,

a sensor coupled to a distal end portion of the first actuator, the sensor
comprising a housing;

a first optical fiber extending through the housing and having a proximal end
portion coupled to the light source and a distal end portion coupled to the second
actuator, and

a second optical fiber having a proximal end portion coupled to the receiving
clement and a distal end portion extending into the housing,
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wherein the prosthetic heart valve is radially expandable from the radially compressed
configuration to the radially expanded configuration upon applying the distally directed force
and the proximally directed force to the prosthetic heart valve with the first and second
actuators, respectively; and

wherein the sensor senses relative movement between the first optical fiber and the
housing apon actuation of at least one of the first actuator and the second actuator to

determine the diameter of the prosthetic heart valve as it is expanded.

26. The assembly of claim 25, wherein the housing defines a recess, and wherein
the sensor further comprises an optical coupler disposed within the recess and configured to

couple light emitted by the first fiber mnto the second fiber.

27, The assembly of claim 26, wherein the optical coupler comprises a reflective

metal.

28, The assembly of claim 26, wherein the optical coupler comprises a cut portion

of the second fiber.

29 The assembly of any of claims 23-28, whercin the first fiber comprises a
plurality of alternating marked portions and exposed portions, the exposed portions being
configured to emit light and the marked portions being configured to prevent light from being

emitted.

30.  The assembly of claim 29, whergin as the first fiber moves relative to the

housing the alternating marked and exposed portions produce a light pattern.

31, The assembly of claim 30, wherein the sensor is configured to determine the

diameter of the prosthetic valve as it is expanded based at least in part on the light pattern.

32 The assembly of any of claims 25-28, wherein the first fiber comprises a
plurality of marked portions, first filtered portions, and second filtered portions arranged in a

selected order, the marked portions configured to prevent light from being emitted by the first
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fiber, the first filtered portions configured to allow a first wavelength of light to be emitted,
and the second filtered portions configared to allow a second wavelength of hght to be

cmitted.

33, The assembly of claim 32, wherein as the first fiber moves relative to the
housing in a first direction the marked portions, first filtered portions, and sccond filtered
portions produce a first light pattern, wherein as the first fiber moves relative to the housing
in a second direction the marked portions, first filtered portions, and second filtered portions
produce a second light pattern, and wherein the sensor determines the direction of movement

of the second actuator based on at least one of the first and second light pattems.

34, The assembly of claim 33, wherein the sensor is configured to determine the
diameter of the prosthetic valve as it is expanded based at least in part on the first and second

light patterns.

35, The assembly of any of claims 25-34, further comprising a control unit
operatively coupled to the sensor, wherein the control unit is configured to calculate the real-

time diameter of the prosthetic valve.

36.  The assembly of any of claims 25-35, wherein the sensor further comprises 8
sealing member coupled to a distal end portion of the housing and configured to prevent
bodily fluids from entering the housing, the sealing member defining a lumen into which the

distal end portion of the first fiber extends.

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

a handle;

a light source configured to emit light;

areceiving element configured to receive light;

at least one first actuator and at feast one second actuator extending from the handle,
the first actuator being configured to apply a distally directed force to a first portion of a

prosthetic heart valve and the second actuator being configured to apply a proximally
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directed force to a second portion of the prosthetic heart valve to radially expand the
prosthetic heart valve;

a sensor;

a control unit m communication with the sensor;

a first optical fiber configured to produce a light pattern as the first fiber moves
relative to the sensor, the first fiber extending through the sensor and having a distal end
portion coupled to the second actuator and a proximal end portion coupled to the light source;

a second optical fiber having a distal end portion coupled to the sensor and a proximal
end portion coupled to the receiving element;

wherein actuation of the second actuator causes corresponding movement of the first
optical fiber relative to the sensor such that the sensor senses the light pattern and the control
unit deternunes a real-time diameter of the prosthetic heart valve as if moves between a
radially compressed configuration and a radially expanded configuration based at least in part

on the light pattern.

38, The apparatus of claim 37, wherein the distal end portion of the first fiber
comprises a plurality of alterating marked portions and exposed portions configured to

produce the light pattern.

39, The apparatus of claim 37, wheren the distal end portion of the first fiber
comprises a phurality of marked portions, first filtered portion, and second filtered portions
disposed in a selected order, wherein movement of the second actuator in a first divection
produces a first Hight pattern and movement of the second actuator in a second direction

opposite the first direction prodaces a second hight pattern.

40.  The apparatus of claim 39, wherein the control unit determines a real-time
diameter of the prosthetic heart valve based at least in part on at least one of the first ight

pattern and the second light pattern.

41, The apparatus of any of claims 37-40, wherem the first fiber comprises a core
and a cladding, and wherein the distal end portion of the first fiber comprises a portion of the

first fiber wherein the cladding has been removed and the core has been abraded.
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42, The apparatus of any of claims 37-40, wherein the distal end portion of the

first fiber comprises a polymer member.

43, A method of implanting a prosthetic heart valve, comprising:

mserting into the body of a patient a distal end portion of a delivery apparatus and a
prosthetic heart valve coupled to the distal end portion of the delivery apparatus in a radially
compressed configuration, the delivery apparatus comprising a handle having a light source
and a receiver element, a first actuator extendimg from the handle and configured to apply a
distally directed force to a first portion of the prosthetic valve, a second actuator extending
from the handle and configured to apply a proximally dirccted force to a sccond portion of
the prosthetic valve, a sensor, a first optical fiber, the first optical fiber extending through the
sensor and having a distal end portion coupled to the second actuator and a proximal end
portion coupled to the light source, and a second optical fiber having a distal end portion
coupled to the sensor and a proximal end portion coupled to the receiving element;

advancing the delivery apparatus distally until the prosthetic heart valve 1s disposed at
a selected implantation site;

radially expanding the prosthetic heart valve by at least one of advancing the first
actuator distally and retracting the second actuator proximally to produce relative movement
between the first optical fiber and the sensor such that the first optical fiber produces a light
pattern; and

as the prosthetic heart valve is expanded, determining with the receiving element the
fight pattern and calculating a real-time diameter of the prosthetic heart valve based at least in

part on the hght pattern.

44, The method of claim 43, further comprising:

radially collapsing the prosthetic heart valve by at least one of retracting the first
actuator proximally and advancing the second actuator distally such that the first fiber moves
relative to the sensor to produce a second hight pattern; and

as the prosthetic heart valve i1s collapsed, determining with the receiving element the
second light patiern and calculating the real-time diameter of the prosthetic heart valve based

at least in part on the light pattern and the second hight pattern.
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45, The method of any of claims 43-44, further comprising displaying the real-

time diameter of the prosthetic heart valve on a display unit.



