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(57) ABSTRACT

A prosthetic device for implanting in a patient’s heart
includes (i) a therapeutic device capable of restoring function
to a native heart valve; and (ii) at least one sensor including a
body, an inductor coil disposed within the body, and a capaci-
tor in communication with the inductor coil, the at least one
sensor being coupled to the therapeutic device, and being
configured to monitor proper function of the therapeutic
device within the patient’s heart.
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PROSTHETIC HEART DEVICES HAVING
DIAGNOSTIC CAPABILITIES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of the
filing date of U.S. Provisional Patent Application No. 62/038,
512 filed Aug. 18, 2014, the disclosure of which is hereby
incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to heart valve replace-
ment and repair devices such as collapsible prosthetic heart
valves. More particularly, the present invention relates to
devices and methods for using prosthetic heart devices having
diagnostic capabilities.

[0003] Diseased or damaged native heart valves may be
repaired or replaced using prosthetic devices. In some
instances, devices, such as annuloplasty rings, are used to
repair and restore the function of a malfunctioning native
heart valve. If repair is not possible, the function of native
heart valves may be replaced by prosthetic devices, such as
tissue valves (1.e., surgical valves). Such a replacement typi-
cally requires an open-heart surgical procedure.

[0004] In addition to these devices, prosthetic heart valves
that are collapsible to a relatively small circumferential size
can be delivered into a patient less invasively than surgical
valves. For example, a collapsible valve may be delivered into
apatient via a tube-like delivery apparatus such as a catheter,
a trocar, a laparoscopic instrument, or the like. This collaps-
ibility can avoid the need for more invasive procedures such
as full open-chest, open-heart surgery.

[0005] Collapsible prosthetic heart valves typically take the
form of a valve structure mounted on a stent. There are two
types of stents on which the valve structures are ordinarily
mounted: a self-expanding stent and a balloon-expandable
stent. To place such valves into a delivery apparatus and
ultimately into a patient, the valve must first be collapsed or
crimped to reduce its circumferential size.

[0006] When a collapsed prosthetic valve has reached the
desired implant site in the patient (e.g., at or near the annulus
of the patient’s heart valve that is to be replaced by the
prosthetic valve), the prosthetic valve can be deployed or
released from the delivery apparatus and re-expanded to full
operating size. For balloon-expandable valves, this generally
involves releasing the entire valve, and then expanding a
balloon positioned within the valve stent. For self-expanding
valves, on the other hand, the stent automatically expands as
the sheath covering the valve is withdrawn.

[0007] Ttwould be advantageous to monitor the function of
prosthetic devices, including annuloplasty rings, surgical
valves and transcatheter valves, before, during and after
implantation to ensure proper function for short-term and
long-term assessment. For example, calcification of the aortic
valve may affect the performance and anchoring of transcath-
eter implants. Calcification may also be associated with leak-
age, such as paravalvular leakage around the exterior of a
medical device or aortic regurgitation through the interior of
a medical device.

[0008] There therefore is a need for improvements in the
devices, systems, and methods for monitoring prosthetic
heart devices before, during and after implantation. Specifi-
cally, there is a need for improvements in the devices, sys-
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tems, and methods for accurately measuring parameters asso-
ciated with proper prosthetic heart valve functionality.
Among other advantages, the present disclosure may address
one or more of these needs.

SUMMARY OF THE INVENTION

[0009] In some embodiments, a prosthetic device for
implanting in a patient’s heart includes a therapeutic device
capable of restoring desired function to a native heart valve;
and at least one sensor coupled to the therapeutic device and
configured to monitor the function of the therapeutic device
within the patient’s heart, the sensor including a body, an
induction coil disposed within the body and a capacitor in
electrical communication with the inductor coil.

[0010] Insome embodiments, a method for diagnosing the
functioning of a heart includes (a) introducing a prosthetic
device into the heart, the prosthetic device including (i) a
therapeutic device capable of restoring function to a native
heart valve, and (ii) at least one sensor including a body, an
inductor coil disposed within the body, and a capacitor in
communication with the inductor coil, the at least one sensor
being coupled to the therapeutic device; (b) acquiring cardiac
measurements via the at least one sensor; and (c) determining
the functioning of the heart based on the cardiac measure-
ments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Various embodiments of the present disclosure are
disclosed herein with reference to the drawings, wherein:
[0012] FIG. 1is a partial side elevational view of a conven-
tional prosthetic heart valve;

[0013] FIG. 2 is a highly schematic cross-sectional view
taken along line A-A of FIG. 1 and showing the prosthetic
heart valve disposed within a native valve annulus;

[0014] FIG. 3A is a perspective view of a microelectrome-
chanical sensor according to one embodiment of the present
disclosure;

[0015] FIG. 3B is a cross-sectional view taken along line
B-B of FIG. 3A;

[0016] FIGS. 4A-F are side elevational views of several
examples of a prosthetic heart devices having microelectro-
mechanical sensors according to embodiments of the present
disclosure;

[0017] FIGS. 5A and 5B are graphs showing examples of
hemodynamic assessments during transcatheter aortic valve
replacement procedures;

[0018] FIG. 6 is a flow chart showing one possible method
of using the prosthetic heart valves of FIGS. 4A-C; and
[0019] FIG. 7 is a schematic representation of a system for
valve evaluation.

[0020] Various embodiments of the present disclosure will
now be described with reference to the appended drawings. It
is to be appreciated that these drawings depict only some
embodiments of the disclosure and are therefore not to be
considered limiting of its scope.

DETAILED DESCRIPTION OF THE INVENTION

[0021] As used herein, the term “proximal,” when used in
connection with a prosthetic heart device, refers to the end of
the heart device closest to the heart when the device is
implanted in a patient, whereas the term “distal,” when used
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in connection with a prosthetic heart device, refers to the end
of the heart device farthest from the heart when the device is
implanted in a patient.

[0022] FIG. 1 shows one such collapsible stent-supported
prosthetic heart valve 100 including a stent 102 and a valve
assembly 104 as is known in the art. Prosthetic heart valve 100
is designed to replace a native tricuspid valve of a patient,
such as a native aortic valve. It should be noted that while the
embodiments discussed herein relate predominantly to pros-
thetic aortic valves having a stent with a shape as illustrated in
FIG. 1, the valve could be a bicuspid valve, such as the mitral
valve, and the stent could have different shapes, such as a
flared or conical annulus section, a less-bulbous aortic sec-
tion, and the like, and a differently shaped transition section.
[0023] Prosthetic heart valve 100 (FIG. 1) includes expand-
able stent 102 which may be formed from biocompatible
materials that are capable of self-expansion, such as, for
example, shape memory alloys, such as the nickel-titanium
alloy known as “Nitinol” or other suitable metals or polymers.
Stent 102 extends from proximal or annulus end 130 to distal
or aortic end 132, and includes annulus section 140 adjacent
proximal end 130, transition section 141 and aortic section
142 adjacent distal end 132. Annulus section 140 may have a
relatively small cross-section in the expanded configuration,
while aortic section 142 may have a relatively large cross-
section in the expanded configuration. Preferably, annulus
section 140 is in the form of a cylinder having a substantially
constant diameter along its length. Transition section 141
may taper outwardly from annulus section 140 to aortic sec-
tion 142. Each of the sections of stent 102 includes a plurality
of struts 160 forming cells 162 connected to one another in
one or more annular rows around the stent. For example, as
shown in FIG. 1, annulus section 140 may have two annular
rows of complete cells 162 and aortic section 142 and transi-
tion section 141 may each have one or more annular rows of
partial cells 162. Cells 162 in aortic section 142 may be larger
than cells 162 in annulus section 140. The larger cells in aortic
section 142 better enable prosthetic valve 100 to be posi-
tioned in the native valve annulus without the stent structure
interfering with blood flow to the coronary arteries.

[0024] Stent 102 may include one or more retaining ele-
ments 168 at distal end 132 thereof, retaining elements 168
being sized and shaped to cooperate with female retaining
structures (not shown) provided on a deployment device. The
engagement of retaining elements 168 with the female retain-
ing structures on the deployment device helps maintain pros-
thetic heart valve 100 in assembled relationship with the
deployment device, minimizes longitudinal movement of the
prosthetic heart valve relative to the deployment device dur-
ing unsheathing or resheathing procedures, and helps prevent
rotation of the prosthetic heart valve relative to the deploy-
ment device as the deployment device is advanced to the
target location and the heart valve deployed.

[0025] Prosthetic heart valve 100 includes valve assembly
104 preferably secured to stent 102 in annulus section 140.
Valve assembly 104 includes cuff 176 and a plurality of
leaflets 178 which collectively function as a one-way valve by
coapting with one another. As a prosthetic aortic valve, valve
100has three leaflets 178. However, it will be appreciated that
other prosthetic heart valves with which the sealing portions
of the present disclosure may be used may have a greater or
lesser number of leaflets.

[0026] Although cuff 176 is shown in FIG. 1 as being
disposed on the lumenal or inner surface of annulus section
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140, it is contemplated that cuff 176 may be disposed on the
ablumenal or outer surface of annulus section 140 or may
cover allor part of either or both of the lumenal and ablumenal
surfaces. Both cuff 176 and leaflets 178 may be wholly or
partly formed of any suitable biological material or polymer
such as, for example, Polyethylene terephthalate (PET), ultra-
high-molecular-weight polyethylene (UHMWPE), or poly-
tetrafluoroethylene (PTFE).

[0027] Leaflets 178 may be attached along lower belly por-
tions to cells 162 of stent 102, with the commissure between
adjacent leaflets 178 attached to commissure features 166. As
can be seen in FIG. 1, each commissure feature 166 may lay
at the intersection of four cells 162, two of the cells being
adjacent one another in the same annular row, and the other
two cells being in different annular rows and lying in end-to-
end relationship. Preferably, commissure features 166 are
positioned entirely within annulus section 140 or at the junc-
ture of annulus section 140 and transition section 141. Com-
missure features 166 may include one or more eyelets which
facilitate the suturing of the leaflet commissure to stent 102.
[0028] Inoperation, the embodiment of the prosthetic heart
valve described above may be used to replace a native heart
valve, such as the aortic valve. The prosthetic heart valve may
be delivered to the desired site (e.g., near a native aortic
annulus) using any suitable delivery device. Typically, during
delivery, the prosthetic heart valve is disposed inside the
delivery device in the collapsed condition. The delivery
device may be introduced into a patient using a transfemoral,
transapical, transseptal or other percutaneous approach. Once
the delivery device has reached the target site, the user may
deploy the prosthetic heart valve. Upon deployment, the pros-
thetic heart valve expands into secure engagement within the
native aortic annulus. When the prosthetic heart valve is prop-
erly positioned inside the heart, it works as a one-way valve,
allowing blood to flow in one direction and preventing blood
from flowing in the opposite direction. While the disclosures
herein are predominantly described in terms of a tricuspid
valve, the valve could be a bicuspid valve, such as the mitral
valve, and the stent could have different shapes, such as a
flared or conical annulus section, a less-bulbous aortic sec-
tion, and the like, and a differently shaped transition section.
[0029] In certain procedures, collapsible valves may be
implanted in a native valve annulus without first resecting the
native valve leaflets. The collapsible valves may have critical
clinical issues because of the nature of the stenotic leaflets
that are left in place. Additionally, patients with uneven cal-
cification, bi-cuspid aortic valve disease, and/or valve insuf-
ficiency may benefit from the monitoring of an implanted
prosthetic valve.

[0030] FIG. 2 is a highly schematic cross-sectional illustra-
tion of prosthetic heart valve 100 disposed within native valve
annulus 250. As seen in the figure, annulus section 140 of
stent 102 has a substantially circular cross-section which is
disposed within non-circular native valve annulus 250. At
certain locations around the perimeter of heart valve 100,
crescent-shaped gaps 200 form between the heart valve and
native valve annulus 250. Blood flowing through these gaps
and around leaflets 178 of valve assembly 104 can cause
paravalvular leakage and other inefficiencies which reduce
cardiac performance. Such improper fitment may result from
suboptimal native valve annulus geometry due, for example,
to calcification of native valve annulus 250 or to unresected
native leaflets. Additionally, improper fitment may disrupt the
proper coapting of leaflets 178, leading to aortic regurgitation
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(e.g., leakage or backflow of blood between the leaflets). In
order to address concerns regarding leakage, such as paraval-
vular leakage or aortic regurgitation, sensors may be utilized
to monitor the performance of a prosthetic heart valve.
[0031] FIGS. 3A and 3B illustrate one example of a sensor
for diagnostic usage. Sensor 300 generally includes body 302
formed of a generally hollow fused silica housing 301 with a
silicone coating around the exterior of the housing. An elon-
gated boss 305, also formed from fused silica, may project
into the interior of housing 301 and may be formed integrally
therewith. A plurality of electrically conductive windings
may wrap around boss 305 to form an inductor coil 304.
Capacitive plates 306 and 307 are separated by micrometer
spacing, forming a variable capacitor. Capacitive plate 306 is
sensitive to pressure and experiences nanometer scale deflec-
tions due to changes in blood pressure acting on the sensor
300. These nanometer scale deflections result in a change in
the resonant frequency of circuit formed by the inductor coil
304 and pressure-sensitive capacitor formed by plated 306
and 307.

1
2wIxClp)

Resonant Frequency fz =

where L is the inductance of inductor coil 304 and C(p) is the
capacitance which varies with pressure. The entire assembly
is hermetically sealed and does not come in contact with
blood.

[0032] The sensor 300 can be electromagnetically coupled
to a transmitting antenna (not shown). Consequently, a cur-
rent 1s induced in the sensor 300, which oscillates at the
resonant frequency of the circuit formed by the inductor coil
304 and pressure-sensitive capacitor formed by plated 306
and 307. This oscillation causes a change in the frequency
spectrum of the transmitted signal. From this change, the
bandwidth and resonant frequency of the particular sensor
may be determined, from which the corresponding blood
pressure can be calculated. Time-resolved blood pressure
measurements can be correlated to flow using empirical rela-
tionships established in clinical literature.

[0033] As shown, sensor 300 includes optional nitinol
loops 310 extending from each end of body 302 to stabilize
the sensor at an implant location. It will be appreciated that
sensor 300 includes no additional leads, batteries or active-
fixation mechanisms. Sensor 300 is an externally modulated
inductor-capacitor circuit, which is powered using radio fre-
quency by the transmitting antenna. Additionally, sensor 300
may be relatively small (e.g., 3.5x2x15 mm). Other advan-
tages of sensor 300 include its accuracy, durability, biocom-
patibility, and insensitivity to changes in body chemistry,
biology or external pressure. Sensor 300 may optionally
include one or more radiopaque components to aid in local-
ization and imaging of the device.

[0034] Sensor 300 may be modified for various applica-
tions and tuned to selectively emphasize different parameters.
Forexample, by varying the width of the windings of inductor
coil 304, the number of turns and the gap between the upper
and lower windings, the resonant frequency that the device
operates at and the pressure sensitivity (i.e., the change in
frequency as a result of membrane deflection) can be opti-
mized for different applications. In general, the design allows
for a very small gap between the windings (typically between
about 3 and about 35 microns) that in turn provides a high
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degree of sensitivity while requiring only a minute movement
of the capacitive plates 306 and 307 to sense pressure
changes.

[0035] The thickness of sensor 300 may also be varied to
alter mechanical properties. Thicker substrates for forming
housing 301 are more durable for manufacturing. Thinner
substrates allow for creation of thin pressure sensitive mem-
branes for added sensitivity. In order to optimize both prop-
erties, sensor 300 may be manufactured using two comple-
mentary substrates of different thicknesses. For example, one
side of sensor 300 may be constructed from a substrate having
a thickness of about 200 microns. This provides the ability to
develop and tune sensors based on the operational environ-
ment of the implanted sensor 300 In addition to changes to
housing 301, other modifications may be made to the sensor
depending on the application. For example, nitinol loops 310
may be removed and replaced with suture holes for attach-
ment, and cantilevers or other structural members may be
added. In some variations, sensors may be powered by kinetic
motion, the body’s heat pump, glucose, electron flow, Quan-
tum Dot Energy, and similar techniques.

[0036] Sensors 300 may be used to measure one or more
parameters including real time blood pressure, flow velocity
(e.g., blood flow), apposition forces based on pressure
changes due to interaction between two surfaces of the pros-
thetic valve, impingement forces, which are correlated to
pressure changes caused by the interaction between a surface
of the prosthetic device and native tissue, cardiac output,
effective orifice area, pressure drop, and aortic regurgitation.
Sensor 300 provides time-resolved pressure data which may
be correlated to the parameters of interest based on empirical
correlations that have been presented in literature. In some
examples, sensors 300 may function similar to piezo-electric
strain gauges to directly measure a parameter. Other param-
eters may be indirectly calculated. One specific method of
using sensors 300 to measure aortic regurgitation will be
described in greater detail below with references to FIGS. 5A,
5B, and 6.

[0037] FIG. 4A illustrates one example of a collapsible
stent-supported prosthetic heart valve 400A having diagnos-
tic capabilities as discussed above. Though heart valve 400A
1s illustrated as a collapsible aortic valve, it will be understood
that the methods and techniques disclosed herein are equally
applicable for other collapsible valves in the heart, such as,
for example, mitral valves. Heart valve 400A generally
includes stent 410 and valve assembly 420 disposed within
stent 410.

[0038] Stent410 may include a plurality of struts 412 form-
ing a plurality of cells 414, struts 412 being formed of any of
the materials described above with reference to FIG. 1. Addi-
tionally, stent 410 may include commissure features 416 for
attaching leaflets and/or a cuff as will be described below.
Stent 410 generally extends between proximal end 402 and
distal end 404 and includes annulus section 440 adjacent
proximal end 402, aortic section 444 adjacent distal end 404,
and transition section 442 disposed between annulus action
440 and aortic section 442.

[0039] Valve assembly 420 may be disposed entirely within
annulus section 440 as shown and may include a circumfer-
ential cuff 422 and a plurality of leaflets 424 formed of any of
the materials described above for the cuff and leaflets of FIG.
1. Each leaflet 424 may be attached to cuff 422 and/or to
selected struts 412 of stent 410, as well as to commissure
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features 416, while leaving a free edge for coapting with the
free edges of other leaflets 424 to form a one-way valve.
[0040] As shown in FIG. 4A, one or more sensors 450A
may be coupled to heart valve 400A. In this example, sensors
450A are disposed in transition section 442. More specifi-
cally, sensors 450A are disposed in the second full row of
cells 414 from distal end 404 at the intersection of two annu-
larly adjacent cells. Sensors 450 A may be disposed at spaced
positions around the circumference of stent 410, for example,
on each intersection of annularly adjacent cells, at alternating
intersections or in a regular or irregular pattern around the
circumference.

[0041] Inasecond example (FIG. 4B), heart valve 400B is
similar to heart valve 400A and includes all of the compo-
nents discussed above (e.g., stent 410, valve assembly 420,
etc.). The main difference between heart valve 400B and
400A is in the placement of sensors 450B. As illustrated,
sensors 450B are disposed in annulus section 440 at approxi-
mately the same longitudinal positions as commissure fea-
tures 416. In one example, two sensors 450B are disposed
between each adjacent pair of commissure features 416. As
with the example of FIG. 4A, the number of sensors 4508
may be varied as desired.

[0042] In a third example (FIG. 4C), heart valve 400C is
similar to heart valves 400A and 400B and includes all of the
components discussed above (e.g., stent 410, valve assembly
420, etc.), but differs in the placement of sensors. As illus-
trated, a first group of sensors 450C are disposed in annulus
section 440 adjacent the proximal end 402 of stent 410, while
asecond group of sensors 450C" are disposed in aortic section
444 adjacent the distal end 404 of the stent. The first group of
sensors 450C may be configured to monitor one or more
parameters at the inflow end of heart valve 400C, while the
second group of sensors 450C' may be configured to monitor
one or more parameters at the outflow end of heart valve
400C. Any number of sensors may be used in either the first or
second group of sensors. Additionally, it will be understood
thatin some variations, only one group of sensors (e.g., proxi-
mal sensors 450C only or distal sensors 450C" only) may be
used, while eliminating the other group. In some variations,
sensors may be placed at any joint, along a strut, attached to
any cuff or leaflet surface, for example, by embedding the
sensor within a leaflet and/or cuff if manufactured using
techniques as three-dimensional printing. Sensors may also
be cantilevered or strung across an inflow or outflow orifice.
For example, at least one sensor may be disposed adjacent the
inflow end and at least one sensor may be disposed adjacent
the outflow end. Sensors may also be disposed on either the
inner diameter, the outer diameter or a combination of both
and may be sutured, glued, welded, or made integral with the
stent, the leaflets and/or the cuff. Additionally, in certain
variations, heart valves such as heart valve 400C may include
paravalvular leakage features disposed about the circumfer-
ence of stent 410. In such examples, sensors may be coupled
to such paravalvular leakage features.

[0043] Though the previous three examples have illustrated
sensors 450A-C disposed on collapsible heart valves, other
applications of the sensors are possible. For example, FIG.
4D illustrates a stented surgical valve 460 that has been modi-
fied for diagnostic functionality. Valve 460 generally includes
a fatigue-resistant metallic frame (not shown) (sometimes
also referred to as a stent), disposed above a cuff 464 in the
form of a ring. Pericardial tissue or other suitable material is
supported by three posts 467 of the frame to form leaflets 468
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of a one-way valve. In this example, sensors 465 are disposed
on the periphery of cuff 465 and may be used to measure flow,
such as, for example, aortic regurgitation. It will be under-
stood that sensors 465 may be disposed on any other portion
of valve 460, such as for example, on top of posts 467 or other
portion of the frame, or directly onto leaflets 468. Addition-
ally, though an aortic heart valve is shown, sensors 465 may
be disposed on surgical valves configured for other applica-
tions (e.g., mitral valves).

[0044] FIG. 4F illustrates another application, an annulo-
plasty ring 470 in this case, used for the repair of a native heart
valve. Annuloplasty ring 470 is a surgical device used for the
repair of leaking valves, such as for example, mitral valves.
Due to various factors, the leaflets that normally seal a natural
valve to retrograde flow may not coapt properly. Surgical
repair typically involves the implantation of annuloplasty
ring 470 to reshape the native valve annulus, which pulls the
leaflets together to facilitate coaptation and aids to re-estab-
lish native valve function. Annuloplasty ring 470 may have
one or more sensors 475 disposed on its inner or lumenal
surface to monitor the function of the repaired native heart
valve. It will be understood that sensors 475 may instead be
formed on the ablumenal or outer surface of ring 410 and that
the number of sensors 475 may be varied. In some variations,
annuloplasty ring 470 may have an adjustable circumference,
which may be varied, at least partially, based on measure-
ments gathered by sensors 475.

[0045] FIG. 4F illustrates yet another application, a
mechanical valve 480, used for replacing the function of a
native heart valve. Mechanical valve 480 may function simi-
lar to surgical valve 460 or heart valve 400 to replace function
of, for example, an aortic valve or a mitral valve and generally
includes cuff 481, support structure 482, two actuating disks
483 which function as leaflets to enable one-way flow. Cuff
481 may include a number of marker bands 484 for aid in
localization. In the example shown, sensors 485 are disposed
on the lumenal surface of support structure 482. It will be
understood, however, that variations are possible in which
sensors 485 are disposed on cuff 481, on abluminal surfaces
of either cuff 481 or support structure 482 or on disks 483
themselves.

[0046] Sensors may also be used with other therapeutic
device including stents, enibolic protection devices, plugs,
etc. Additionally, though the embodiments of FIGS. 4A-E
have illustrated sensors being disposed on therapeutic
devices, it will be understood that the disclosure is not so
limited. For example, sensors may be disposed either
upstream (i.e., prior to the inflow end in the direction of blood
flow) or downstream (i.e., after the outflow end in the direc-
tion of blood flow) of a therapeutic device (e.g., heart valve
400A) in order to obtain measurements at those sites. Thus
one or more upstream and/or one or more downstream sen-
sors may be used alone or in combination with sensor(s)
disposed on the therapeutic devices.

[0047] As noted above, there are many applications for
sensors 300. One such application uses sensors 300 in the
direct assessment of the severity of aortic regurgitation. Aor-
tic regurgitation negatively affects the prognosis after tran-
scatheter aortic valve replacement, with dramatically
increased morbidity and mortality in patients with more than
mild regurgitation. Thus, techniques may be employed using
sensors 300 to quantify the extent of regurgitation, if any.
[0048] One measure of regurgitation in aortic heart valves
is the aortic regurgitation index, which may be defined as the
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ratio of the transvalvular gradient between diastolic blood
pressure (RRdia) in the aorta and left-ventricular end-dias-
tolic blood pressure (LVEDP) to systolic blood pressure (RR-
sys) in the aorta: [(RRdia—-LVEDP)/RRsys|x100. The aortic
regurgitation index has an inverse correlation to the severity
of aortic regurgitation and allows a physician to differentiate
between patients with mild, moderate, or severe aortic regur-
gitation. The aortic regurgitation index may also be indepen-
dently used to predict the associated 1-year mortality risk for
a given patient upon collection of data.

[0049] FIG.5A illustrates the aortic regurgitation index ina
patient with moderate aortic regurgitation. Using the formula
for the aortic regurgitation index defined above, the calcu-
lated result 1s 16.7, calculated as follows:

RRdia — LVEDP a-b 40-20
100 = —— x100 =

Ry . 0 x 100 =16.7

[0050] For a second patient, the aortic regurgitation index
indicates a trivial amount of aortic regurgitation as shown in
FIG. 5B and calculated below:

RRdia— LVEDP d-U 50-10
x 100 = x 100 = x100=30.8
RRsys fod 130
[0051] When used in conjunction with prosthetic heart

valves, sensors 300 may measure blood pressure to determine
an aortic regurgitation index and thus reveal the severity of the
regurgitation. Based on the calculated aortic regurgitation
index, follow-up treatment may be advised. Additionally,
sensors 300 may be used to decide when to fully deploy a
partially deployed heart valve and the type of corrective mea-
sure necessary, if any.

[0052] One example of a method using a prosthetic heart
valve having sensors is shown in FIG. 6. In this method, a
preliminary technique, such as but not limited to an aortog-
raphy, may be performed after valve deployment in order to
make a preliminary assessment of aortic regurgitation. This
preliminary assessment may provide a rough classification of
the regurgitation into four groups: no aortic regurgitation,
mild aortic regurgitation, moderate aortic regurgitation and
severe aortic regurgitation. If the preliminary technique
shows no aortic regurgitation, then no measurements are
taken and the procedure is determined to be a successful one
(e.g., valve function is adequate). If the preliminary technique
shows that mild aortic regurgitation is present, then sensors
300 may be used to quantify the amount of aortic regurgita-
tion by calculating an aortic regurgitation index (ARI) as
shown. An aortic regurgitation index greater than or equal to
25 may indicate that the aortic regurgitation is negligible,
which results in no further measurement. If, however, the
index is less than 25, then the aortic regurgitation may be
classified as either moderate or severe. In either case, further
diagnostic techniques, such as, for example, transesophageal
echocardiography (TEE) or transthoracic echocardiography
(TTE), may be performed to further assess the situation,
followed by a corrective measure. The corrective measure
may include any one or more of post-dilation techniques,
snaring to re-adjust the position of the valve, valve-in-valve
implantation (e.g., implanting an additional valve inside an
already-implanted valve), balloon expansion, resheathing
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and redeploying techniques, deploying a valve of the same or
different type, modified redeployment, or the additional of
paravalvular leakage features, etc. Sensors 300 are then used
to recalculate the aortic regurgitation index. If the aortic
regurgitation index is greater than or equal to 25, then the
corrective measure may be determined to be successful and
no further measurements are taken. If, however, the aortic
regurgitation index remains below 25, then further corrective
measures may be necessary. This loop from corrective mea-
sure to aortic regurgitation index calculation may continue
until satisfactory positioning and functioning of the pros-
thetic heart valve are obtained.

[0053] In the example above, the calculation of the aortic
regurgitation index using sensors 300 is performed after
implantation of the prosthetic heart valve to ensure proper
functioning. In addition, sensors may be used to monitor an
implanted prosthetic heart valve or repair device at any time,
including before implantation of a therapeutic device or after
discharge of the patient from the hospital. For example, sen-
sors may be used to aid in implantation of a therapeutic
device. In one example, sensors may be used to virtually
reconstruct the geometry of the native valve annulus to pre-
dict potential paravalvular leakage of a heart valve with
known dimensions. Such sensors may be used alone or in
combination with a balloon expanded, or self-expanding
diagnostic rings, holders, sizers, stents or balloons. For valve-
in-valve procedures, sensors on an already implanted valve
may be used to aid in docking a second valve within the
implanted valve.

[0054] FIG. 7 is a schematic overview of one embodiment
of the components of a valve diagnostic system 700 including
an electronic subassembly 710 disposed within a control
module. It will be understood that the valve diagnostic system
can include more, fewer, or different components and can
have a variety of different configurations.

[0055] Some of the components (for example, power
source 712, antenna 718, receiver 702, and processor 704) of
valve diagnostic system 700 can be positioned on one or more
circuit boards or similar carriers. Any power source 712 can
be used including, for example, a battery such as a primary
battery or a rechargeable battery. Examples of other power
sources include super capacitors, nuclear or atomic batteries,
mechanical resonators, infrared collectors, thermally-pow-
ered energy sources, flexural powered energy sources, bioen-
ergy power sources, fuel cells, bioelectric cells, osmotic pres-
sure pumps, and the like.

[0056] Ifthe power source 712 is a rechargeable battery, the
battery may be recharged using the optional antenna 718, if
desired. Power can be provided to the battery for recharging
by inductively coupling the battery through the antenna to a
recharging unit 716 external to the user.

[0057] A processor 704 is included to obtain data from the
sensors relating to force, pressure or elasticity measured by
each of the sensors. Any processor can be used and can be as
simple as an electronic device that, for example, is capable of
receiving and interpreting instructions from an external pro-
gramming unit 708 and performing calculations based on the
various algorithms described above. A memory 705 may
include data in the form of a dataset for performing various
steps of the algorithm. For example, in some examples, data
from sensors 300 relating to pressure, forces and the like may
be passed to processor 704 and compared against a dataset
stored in memory 705 to determine if further treatment and/or
diagnosis is necessary. Additionally, data relating to valve
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diagnosis may be sent from programming unit 708 to proces-
sor 704 and the processor may determine the appropriate
course of action or alert a clinician. Communication between
programming unit 708 and processor 704 may be accom-
plished via communication of antenna 718 with telemetry
unit 706. Additionally, sensors 300 may be in communication
with one or more wearable devices to enable the user to
continuously monitor or track the functionality of a therapeu-
tic device. Such wearable devices may track or log data, and
if necessary, provide the data to a clinician or alert emergency
personnel if immediate attention is needed.

[0058] While the operation of sensor 300 has been
described, it will be understood that other embodiments may
be implemented in a similar manner, and that combinations of
these embodiments may be possible. For example, any num-
ber of sensors 300 may be used and such sensors may be
separable from the prosthetic replacement or repair device. It
will also be noted that while the disclosures herein are pre-
dominately described in connection with the replacement of a
tricuspid valve, the disclosures are equally applicable to the
replacement of other valves, including a bicuspid valve, such
as the mitral valve, as well as other implantable medical
devices, such as annuloplasty rings and devices for taking
general measurements of the vasculature for delivery of cath-
eters. Additionally, in some variations, one or more of the
sensors may be radiopaque to enable visualization during
and/or after deployment. Sensors may also be in communi-
cation with a delivery system and/or other sensors to aid in
placement, valve-in-valve or valve-in-ring procedures, or to
function as locators or docking stations.

[0059] In some embodiments, a prosthetic device for
implanting in a patient’s heart includes a therapeutic device
capable of restoring desired function to a native heart valve;
and at least one sensor coupled to the therapeutic device and
configured to monitor the function of the therapeutic device
within the patient’s heart, the sensor including a body, an
induction coil disposed within the body and a capacitor in
electrical communication with the inductor coil.

[0060] In some examples, the therapeutic device is a col-
lapsible prosthetic heart valve including a stent having a
proximal end and a distal end and a valve assembly disposed
within the stent; and/or the stent includes an aortic section at
the distal end of the stent, and the at least one sensor includes
a plurality of sensors circumferentially disposed about the
aortic section of the stent; and/or the stent includes a plurality
of commissure features for coupling to the valve assembly,
and the at least one sensor includes a plurality of sensors
circumferentially disposed between adjacent ones of the plu-
rality of commissure features; and/or the at least one sensor
includes a plurality of sensors disposed on at least one of the
proximal end or the distal end of the stent; and/or the at least
one sensor is disposed on a lumenal surface of the stent;
and/or the at least one sensor is disposed on an ablumenal
surface of the stent; and/or the therapeutic device is a surgical
valve including a frame having a plurality of posts, a ring-
shaped cuff coupled to the frame, and tissue coupled to the
plurality of posts to form a one-way valve, the at least one
sensor being coupled to the ring-shaped cuft; and/or the thera-
peutic device is an annuloplasty ring and the at least one
sensor is coupled to a lumenal surface of the annuloplasty
ring.

[0061] Insome embodiments, a method for diagnosing the
functioning of a heart includes (a) introducing a prosthetic
device into the heart, the prosthetic device including (i) a
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therapeutic device capable of restoring function to a native
heart valve, and (ii) at least one sensor including a body, an
inductor coil disposed within the body, and a capacitor in
communication with the inductor coil, the at least one sensor
being coupled to the therapeutic device; (b) acquiring cardiac
measurements via the at least one sensor; and (¢) determining
the functioning of the heart based on the cardiac measure-
ments.

[0062] In some examples, the therapeutic device is a col-
lapsible prosthetic aortic heart valve including a stent, and a
valve assembly disposed within the stent, and the step of
acquiring the cardiac measurements includes collecting data
related to aortic regurgitation; and/or the cardiac measure-
ments are blood pressure measurements; and/or the cardiac
measurements are blood flow measurements; and/or the
method further includes coupling the at least one sensor to a
memory and a processor, and calculating an aortic regurgita-
tion index from the cardiac measurements using the proces-
sor; and/or the step of determining the functioning of the heart
includes confirming proper functioning if the calculated aor-
tic regurgitation index is greater than or equal to 25, and
confirming improper functioning if the calculated aortic
regurgitation index is less than 25; and/or the method further
includes taking a corrective measure if the aortic regurgita-
tion index is less than 25, and recalculating the aortic regur-
gitation index after the corrective measure is taken; and/or the
corrective measure includes snaring the collapsible prosthetic
aorticheart valve to readjust its position; and/or the corrective
measure includes performing a valve-in-valve procedure.
[0063] Although the disclosure herein has been described
with reference to particular embodiments, it is to be under-
stood that these embodiments are merely illustrative of the
principles and applications of the present disclosure. It is
therefore to be understood that numerous modifications may
be made to the illustrative embodiments and that other
arrangements may be devised without departing from the
spirit and scope of the present disclosure as defined by the
appended claims.

[0064] It will be appreciated that the various dependent
claims and the features set forth therein can be combined in
different ways than presented in the initial claims. It will also
be appreciated that the features described in connection with
individual embodiments may be shared with others of the
described embodiments.

1. A prosthetic device for implanting in a patient’s heart,
comprising:

a therapeutic device capable of restoring desired function

to a native heart valve; and

at least one sensor coupled to the therapeutic device and

configured to monitor the function of the therapeutic
device within the patient’s heart, the sensor including a
body, an induction coil disposed within the body and a
capacitor in electrical communication with the inductor
coil.

2. The prosthetic device of claim 1, wherein the therapeutic
device is a collapsible prosthetic heart valve including a stent
having a proximal end and a distal end and a valve assembly
disposed within the stent.

3. The prosthetic device of claim 2, wherein the stent
includes an aortic section at the distal end of the stent, and the
at least one sensor includes a plurality of sensors circumfer-
entially disposed about the aortic section of the stent.

4. The prosthetic device of claim 2, wherein the stent
includes a plurality of commissure features for coupling to
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the valve assembly, and the at least one sensor includes a
plurality of sensors circumferentially disposed between adja-
cent ones of the plurality of commissure features.

5. The prosthetic device of claim 2, wherein the at least one
sensor includes a plurality of sensors disposed on at least one
of the proximal end and the distal end of the stent.

6. The prosthetic device of claim 2, wherein the at least one
sensor is disposed on a lumenal surface of the stent.

7. The prosthetic device of claim 2, wherein the at least one
sensor is disposed on an ablumenal surface of the stent.

8. The prosthetic device of claim 1, wherein the therapeutic
device is a surgical valve including a frame having a plurality
of posts, a ring-shaped cuff coupled to the frame, and tissue
coupled to the plurality of posts to form a one-way valve, the
at least one sensor being coupled to the ring-shaped cuff.

9. The prosthetic device of claim 1, wherein the therapeutic
device is an annuloplasty ring and the at least one sensor is
coupled to a lumenal surface of the annuloplasty ring.

10. A method for diagnosing the functioning of a heart,
comptrising:

introducing aprosthetic device into the heart, the prosthetic

device including (i) a therapeutic device capable of
restoring function to a native heart valve, and (ii) at least
one sensor including a body, an inductor coil disposed
within the body, and a capacitor in communication with
the inductor coil, the at least one sensor being coupled to
the therapeutic device;

acquiring cardiac measurements via the at least one sensor;

and

determining the functioning of the heart based on the car-

diac measurements.

Feb. 18,2016

11. The method of claim 10, wherein the therapeutic device
is a collapsible prosthetic aortic heart valve including a stent,
and a valve assembly disposed within the stent, and the step of
acquiring the cardiac measurements includes collecting data
related to aortic regurgitation.

12. The method of claim 11, wherein the cardiac measure-
ments are blood pressure measurements.

13. The method of claim 11, wherein the cardiac measure-
ments are blood flow measurements.

14. The method of claim 11, further comprising coupling
the at least one sensor to a memory and a processor, and
calculating an aortic regurgitation index from the cardiac
measurements using the processor.

15. The method of claim 14, wherein the step of determin-
ing the functioning of the heart includes confirming proper
functioning if the calculated aortic regurgitation index is
greater than or equal to 25, and confirming improper func-
tioning if the calculated aortic regurgitation index is less than
25.

16. The method of claim 15, further comprising taking a
corrective measure ifthe aortic regurgitation index is less than
25, and recalculating the aortic regurgitation index after the
corrective measure is taken.

17. The method of claim 16, wherein the corrective mea-
sure includes snaring the collapsible prosthetic aortic heart
valve to readjust its position.

18. The method of claim 16, wherein the corrective mea-
sure includes performing a valve-in-valve procedure.
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