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SENSORS FOR PROSTHETIC HEART
DEVICES

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, titled “Prosthetic Heart Devices Having Diagnostic
Capabilities,” filed Aug. 18, 2014, the disclosure of which is
hereby incorporated by reference herein.

BACKGROUND

[0002] Thepresentdisclosure relates to heart valve replace-
ment and repair devices such as collapsible prosthetic heart
valves. More particularly, the present disclosure 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
surgical valves. Such a replacement typically 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 (sometimes
referred to herein as transcatheter valves or transcatheter
implants) typically take the form ofa 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 deliv-
ery 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] Itwould 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 functioning for short-term and
long-term assessment. For example, calcification of the aortic
valve may affect the performance and anchoring of tran-
scathether implants. Calcification may also be associated
with leakage, such as paravalvular leakage around the exte-
rior 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
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heart devices before, during and after implantation. Specifi-
cally, there is a need for improvements in the devices, sys-
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.

BRIEF SUMMARY

[0009] According to one embodiment of the disclosure, a
prosthetic heart valve system comprising includes a pros-
thetic heart valve and a first sensor. The prosthetic heart valve
includes a stent extending from an outflow portion to an
inflow portion and having an expanded condition and a col-
lapsed condition, and a valve assembly mounted to the stent.
The first sensor is configured to measure physiological data,
the first sensor including a body and a plurality of apertures
extending through the body and adapted to receive at least one
suture therethrough for attaching the sensor to the stent.
[0010] According to another embodiment of the disclosure,
a prosthetic heart valve system includes a prosthetic heart
valve and a sensor. The prosthetic heart valve includes a stent
extending from an outflow portion to an inflow portion and
has an expanded condition and a collapsed condition, and a
valve assembly mounted to the stent. The sensor is configured
to measure physiological data, the sensor including a body,
the body having a first side, a second side opposite the first
side, and a pair of fingers extending away from the body on
the first side of the body, the fingers and the first side of the
body defining a channel extending along a length of the body,
the sensor being connectable to the stent.

[0011] According to a further embodiment of the disclo-
sure, a prosthetic heart valve system includes a prosthetic
heart valve and a sensor. The prosthetic heart valve includes a
stent extending from an outflow portion to an inflow portion
and has an expanded condition and a collapsed condition, and
a valve assembly mounted to the stent. The sensor is config-
ured to measure physiological data, the sensor including a
body. A first finger has a first end attached to the body and a
free end, the free end being configured to hook over at least
one strut of the stent to attach the sensor to the stent.

[0012] According to another embodiment of the disclosure,
a prosthetic heart valve system includes a prosthetic heart
valve and a sensor. The prosthetic heart valve includes a stent
extending from an outflow portion to an inflow portion and
has an expanded condition and a collapsed condition, the
stent being formed of a plurality of struts, a strut aperture
being formed at an intersection of at least two of the struts,
and a valve assembly mounted to the stent. The sensor is
configured to measure physiological data, the sensor includ-
ing a body, the body being configured to be coupled to the
stent. The body includes a first body section having a first
width, a middle body section having a second width smaller
than the first width, and a third body section having a third
width greater than the second width and smaller than the first
width.

[0013] According to still another embodiment of the dis-
closure, a prosthetic heart valve system includes a prosthetic
heart valve and a sensor. The prosthetic heart valve includes a
stent extending from an outflow portion to an inflow portion
and has an expanded condition and a collapsed condition, the
stent being formed of a plurality of struts, a strut aperture
being formed at an intersection of at least two of the struts. A
valve assembly is mounted to the stent. The sensor is config-
ured to measure physiological data, the sensor including a



US 2016/0045165 A1l

body configured to be coupled to the stent. The body includes
ahead having a first width and a shank having a second width
smaller than the first width.

[0014] According to yet another embodiment of the disclo-
sure, a prosthetic heart valve system includes a prosthetic
heart valve and a sensor. The prosthetic heart valve includes a
stent extending from an outflow portion to an inflow portion
and has an expanded condition and a collapsed condition, the
stent being formed of a plurality of struts, a strut aperture
being formed at an intersection of at least two of the struts. A
valve assembly is mounted to the stent. The sensor is config-
ured to measure physiological data, the sensor including a
body, the body including a connecting member adapted to
couple the sensor to the stent, the connecting member includ-
ing a shaft projecting away from the body to a free end, and a
head at the free end of the shaft.

[0015] According to a further embodiment of the disclo-
sure, a prosthetic heart valve system includes a prosthetic
heart valve and a sensor. The prosthetic heart valve includes a
stent extending from an outflow portion to an inflow portion
and having a plurality of stent posts, at least one stent post
defining an aperture. The sensor is configured to measure
physiological data, the sensor including a body, the body
including a plurality of fingers extending away from the body
for connecting the sensor to the stent, at least two of the
fingers extending away from one another in the absence of
applied forces.

[0016] According to still another embodiment of the dis-
closure, a sensor system includes a collapsible and expand-
able sensor frame having an outflow frame section, an inflow
frame section, and a frame coupling portion connecting the
outflow frame section to the inflow frame section. A first
sensor is coupled to the sensor frame, the first sensor includ-
ing a body, the first sensor being configured to measure physi-
ological data. A second sensor is coupled to the sensor frame,
the second sensor including a body, the second sensor being
configured to measure physiological data. In an expanded
condition the outflow frame section and inflow frame section
each has an arcuate configuration.

[0017] According to another embodiment of the disclosure,
a prosthetic heart valve system includes a prosthetic heart
valve and two sensors. The prosthetic heart valve includes a
support structure extending from an outflow portion to an
inflow portion, a cuff attached to the inflow portion of the
support structure, and a valve assembly mounted to the sup-
port structure. The first sensor includes a body and is config-
ured to measure physiological data and has a male coupling
portion extending from the body. The second sensor includes
a body and is configured to measure physiological data and
has a female coupling, the male coupling portion of the first
sensor configured to mate with the female coupling portion of
the second sensor.

[0018] According to yet another embodiment of the disclo-
sure, a prosthetic heart valve system includes a prosthetic
heart valve and a first sensor. The prosthetic heart valve
includes a stent extending from an outflow portion to an
inflow portion and has an expanded condition and a collapsed
condition. The stent includes a plurality of struts defining at
least one annular row of cells, at least one engaging arm, and
at least one commissure attachment feature positioned at a
terminal end of the stent. The engaging arm has a first position
and is nested within one of the cells and a second position
projecting outwardly from the one cell. A valve assembly is
mounted to the stent. The first sensor includes a body and is
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configured to measure physiological data and is coupled to
the engaging arm or to the commissure attachment feature.
[0019] According to a further embodiment of the disclo-
sure, a prosthetic heart valve system includes a prosthetic
heart valve, an occlusion device, and a first sensor. The pros-
thetic heart valve includes a stent extending from an outflow
portion to an inflow portion and has an expanded condition
and a collapsed condition. A valve assembly is mounted to the
stent. A collapsible and expandable occlusion device is con-
figured for positioning between the prosthetic heart valve and
a native valve annulus in which the prosthetic heart valve is
implanted so that a first end of the occlusion device faces
toward the outflow portion of the stent and a second end of the
occlusion device faces toward the inflow portion of the stent.
The first sensor is configured to be attached to the occlusion
device, the first sensor including a body and being configured
to measure physiological data.

[0020] In still a further embodiment of the disclosure, a
collapsible and expandable occlusion system for placement
within a vasculature of a patient includes a disc-shaped por-
tion coupled to a cylindrical portion by a connector. The
cylindrical portion has a first diameter and the disc-shaped
portion has a second diameter greater than the first diameter
when the occlusion system is in an expanded condition. A first
sensor is configured to be attached to the cylindrical portion,
the first sensor including a body and being configured to
measure physiological data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 is a side elevational view of a conventional
prosthetic heart valve.

[0022] 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.

[0023] FIG. 3A is a perspective view of a wireless micro-
electromechanical (MEM) sensor.

[0024] FIG. 3B is a cross-sectional view taken along line
B-B of FIG. 3A.

[0025] FIG. 4A is a perspective view of a MEM sensor
according to one embodiment of the disclosure.

[0026] FIG. 4B is a plan view of the sensor of FIG. 4A.
[0027] FIG. 4C is a highly schematic developed view of the
prosthetic heart valve of FIG. 11n an expanded condition with
MEM sensors attached thereto.

[0028] FIG. 4D is an enlarged partial view of one of the
attached sensors of FIG. 4C.

[0029] FIG. 4E is an enlarged partial view of another ofthe
attached sensors of FIG. 4C.

[0030] FIG. 4F is ahighly schematic developed view of the
stent of the prosthetic heart valve of FIG. 4C in a collapsed
condition with MEM sensors attached thereto.

[0031] FIG. 5A is a perspective view of a MEM sensor
according to another embodiment of the disclosure.

[0032] FIG. 5B is a top plan view of the sensor of FIG. SA.
[0033] FIG. 5C is a highly schematic developed view of the
prosthetic heart valve of FIG. 11in an expanded condition with
the sensor of FIG. SA attached thereto.

[0034] FIG. 5D is an enlarged partial view of the attached
sensor of FIG. 5C.

[0035] FIG. 6A is atop planview of a MEM sensor accord-
ing to a further embodiment of the disclosure.

[0036] FIG. 6B is a ighly schematic developed view of the
prosthetic heart valve of FIG. 11in an expanded condition with
the sensor of FIG. 6A attached thereto.
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[0037] FIG. 6C is an enlarged partial view of the attached
sensor of FIG. 6B.

[0038] FIG. 7 is a highly schematic developed view of the
prosthetic heart valve of FIG. 1 in an expanded condition
showing outflow attachment locations for a MEM sensor.
[0039] FIG. 8A isatop plan view ofa MEM sensor accord-
ing to yet another embodiment of the disclosure.

[0040] FIG. 8B is a highly schematic developed view of the
prosthetic heart valve of FIG. 1 in an expanded condition with
the sensor of FIG. 8A attached thereto.

[0041] FIG. 8C is an enlarged partial view of the attached
sensor of FIG. 8A.

[0042] FIG.9A s atop plan view of a MEM sensor accord-
ing to still another embodiment of the disclosure.

[0043] FIG. 9B is a highly schematic developed view of the
prosthetic heart valve of FIG. 1 in an expanded condition with
the sensor of FIG. 9A attached thereto.

[0044] FIG. 9C is an enlarged partial view of the attached
sensor of FIG. 9A.

[0045] FIG. 10A is a top plan view of a MEM sensor
according to another embodiment of the disclosure.

[0046] FIG. 10B is a highly schematic developed view of
the prosthetic heart valve of FIG. 1 in an expanded condition
with the sensor of FIG. 10A attached thereto.

[0047] FIG.10C is an enlarged partial view of the attached
sensor of FIG. 10A.

[0048] FIG. 11A is a perspective view of a MEM sensor
according to a further embodiment of the disclosure.

[0049] FIG. 11B is a transverse cross-section of the sensor
of FIG. 11A.
[0050] FIG. 11C is a transverse cross-section of the sensor

of FIG. 11A coupled to a strut of the prosthetic heart valve of
FIG. 1.

[0051] FIG. 11D is a highly schematic developed view of
the prosthetic heart valve of FIG. 1 in an expanded condition
with the sensor of FIG. 11 A attached thereto.

[0052] FIG. 11E is a highly schematic end view of the
sensor of FIG. 11A attached to the prosthetic heart valve of
FIG. 1 in the expanded condition.

[0053] FIG. 11F is a highly schematic end view of the
sensor of FIG. 11A attached to the prosthetic heart valve of
FIG. 1 in the collapsed condition.

[0054] FIG.12A is a side view of a MEM sensor according
to still another embodiment of the disclosure.

[0055] FIG.12B isabottom plan view of the sensor of FIG.
12A.

[0056] FIG. 12C is an enlarged partial view of the heart
valve of FIG. 1.

[0057] FIG.12D is an enlarged partial view of the sensor of

FIGS. 12A-B attached to the prosthetic heart valve of FIG. 1.
[0058] FIG. 13A is an enlarged top view of a MEM sensor
according to yet another embodiment of the disclosure.

[0059] FIG.13Bisabottom plan view of the sensor of FIG.
13A.
[0060] FIG.13C isan enlarged partial view of the sensor of

FIGS. 13A-B attached to the prosthetic heart valve of FIG. 1.
[0061] FIG.14Aisanendview ofa MEM sensor according
to a further embodiment of the disclosure.

[0062] FIG. 14B is a highly schematic developed view of a
portion of a modified stent for a prosthetic heart valve in an
expanded condition.

[0063] FIG.14C is an enlarged partial view of the modified
stent of F1G. 14B.
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[0064] FIG. 14D is an enlarged partial view of the sensor of
FIG. 14A attached to the stent of FIG. 14B.

[0065] FIG. 14E is an enlarged partial cross-section of the
sensor of FIG. 14A attached to the stent of FIG. 14B.

[0066] FIG. 15A isan end view of a MEM sensor according
to another embodiment of the disclosure.

[0067] FIG. 15B is an enlarged partial cross-section of the
sensor of FIG. 15A attached to the modified stent of FIG.
14B.

[0068] FIG. 16A is a side view of a MEM sensor according
to still another embodiment of the disclosure.

[0069] FIG. 16B is a bottom plan view of the sensor of FIG.
16A.
[0070] FIG. 16C is an enlarged partial view of the sensor of

FIGS. 16 A-B attached to the modified stent of F1G. 14B.
[0071] FIG. 17A is a bottom plan view of a MEM sensor
according to still a further embodiment of the disclosure.
[0072] FIG. 17B is a perspective view of a surgical pros-
thetic heart valve.

[0073] FIG. 17C is a perspective view of a stent for use in
the prosthetic heart valve of FIG. 17B.

[0074] FIG. 17D is an enlarged side view of the sensor of
FIG. 17A coupled to the stent of FIG. 17C.

[0075] FIG. 17E is a perspective view of the surgical pros-
thetic heart valve of FIG. 17B with sensors according to FIG.
17A attached thereto.

[0076] FIG. 17F is a perspective view of the surgical pros-
thetic heart valve of FIG. 17B with MEM sensors and a sensor
frame attached thereto.

[0077] FIG. 17G is a perspective view of the surgical pros-
thetic heart valve of F1IG. 17B with MEM sensors and a sensor
frame attached thereto according to a further embodiment of
the disclosure.

[0078] FIG. 17H is a perspective view of the surgical pros-
thetic heart valve of F1IG. 17B with MEM sensors and a sensor
frame attached thereto according to yet another embodiment
of the disclosure.

[0079] FIG. 18A is a perspective view of a mechanical
prosthetic heart valve.

[0080] FIG. 18B is a side view of the prosthetic heart valve
of F1G. 18A with a pair of MEM sensors attached thereto.
[0081] FIG. 19A is a partial side elevational view of a
prosthetic mitral valve.

[0082] FIG. 19B is a partial side elevational view of the
prosthetic mitral valve of FIG. 19B with outflow MEM sen-
sors attached thereto.

[0083] FIG. 19C is an end view of the prosthetic mitral
valve of F1G. 19B with inflow MEM sensors attached thereto.
[0084] FIG. 19D is a highly schematic representation of the
prosthetic mitral valve of FIG. 19A implanted into a native
mitral valve annulus with inflow and outflow MEM sensors
attached to the prosthetic valve.

[0085] FIG. 20A is a highly schematic view of an occluder
positioned between the prosthetic heart valve of FIG. 1 and a
native aortic valve leaflet.

[0086] FIG. 20B is a highly schematic view of the occluder
of FIG. 20A with inflow and outflow MEM sensors attached
thereto.

[0087] FIG. 21A is a cross-sectional view of a closure
device according to an embodiment of the disclosure.
[0088] FIG. 21B is a highly schematic view of the closure
device of FIG. 21A implanted into a left atrial appendage.
[0089] FIG. 21C is a cross-sectional view of the closure
device of FIG. 21A with MEM sensors attached thereto.
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[0090] FIG. 21D is a highly schematic view of the closure
device of FIG. 21A with MEM sensors attached thereto
implanted into the left atrial appendage.

[0091] FIGS.22A and 22B are graphs showing examples of
hemodynamic assessments during transcatheter aortic valve
replacement procedures.

[0092] FIG.23 is aflow chart showing one possible method
of using a prosthetic heart valve with sensors attached thereto.
[0093] FIG. 24 is a schematic representation of a system for
valve evaluation using the sensors of the present disclosure.

DETAILED DESCRIPTION

[0094] As used herein in connection with prosthetic aortic
heart valves and prosthetic pulmonary heart valves, the term
“inflow end” refers to the end of the prosthetic heart valve
closest to the left ventricle when implanted in an operative
condition, whereas the term “outflow end” refers to the end of
the prosthetic heart valve closest to the aorta.

[0095] FIG. 1 shows one such collapsible stent-supported
prosthetic heart valve 100 including a stent 102 and a valve
assembly 104 as isknown in the art. Prosthetic heart valve 100
1s 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 in connection with prosthetic aortic
valves relate predominantly to such 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 section, and the like, and a differently
shaped transition section.

[0096] The expandable stent 102 of prosthetic heart valve
100 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 inflow or annulus end 130 to outflow or aortic
end 132, and includes annulus section 140 adjacent inflow
end 130, transition section 141 and aortic section 142 adja-
cent outflow end 132. Annulus section 140 may have a rela-
tively 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.

[0097] Stent 102 may include one or more retaining ele-
ments 168 at outflow 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
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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.

[0098] 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
100 has three leaflets 178. However, it will be appreciated that
other prosthetic heart valves with which the sensors of the
present disclosure may be used may have a greater or lesser
number of leaflets.

[0099] Although cuff 176 is shown in FIG. 1 as being
disposed on the lumenal or inner surface of annulus section
140, it is contemplated that cuff 176 may be disposed on the
ablumenal or outer surface of annulus section 140 or may
cover all or 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).

[0100] Leaflets 178 may be attached along lower belly por-
tions to cells 162 of stent 102 and/or to cuff 176, with the
commissure between adjacent leaflets 178 being 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 annu-
lus section 140 or at the juncture of annulus section 140 and
transition section 141. Commissure features 166 may include
one or more eyelets which facilitate the suturing of the leaflet
commissure to stent 102,

[0101] 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.

[0102] 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,
gaps 200, which may be crescent-shaped for example, 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 inef-
ficiencies which reduce cardiac performance. Such improper
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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 (e.g., leakage or backflow
of blood between the leaflets). In order to address concerns
regarding leakage, such as paravalvular leakage or aortic
regurgitation, sensors may be utilized to monitor the perfor-
mance of a prosthetic heart valve.

[0103] FIGS.3A and 3B illustrate one example of a micro-
electromechanical (MEM) sensor for diagnostic usage. Sen-
sor 300 generally includes body 302 formed of a generally
hollow fused silica housing 301. An elongated boss 305, also
formed from fused silica, may project into the interior of
housing 301 and may be formed integrally therewith. A plu-
rality 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 308. The exterior of housing 301 is coated
with silicone, forming a hermetically sealed assembly that
does not come in contact with blood.

[0104] Capacitive plate 306 is sensitive to pressure and
experiences nanometer scale deflections due to changes in
blood pressure acting on the sensor 300. In that regard, body
302 includes an active face 320 and a passive face 322, the
measurements being taken at the active face. It should be
understood that although sensor 300 includes active face 320
and passive face 322, other sensors may have other configu-
rations, such as two active faces. The nanometer scale deflec-
tions of plate 306 result in a change in the resonant frequency
of the circuit formed by the inductor coil 304 and the pres-
sure-sensitive capacitor 308. The resonant frequency is given
by the following equation:

1
2nv Lx C(p)

»

where L is the inductance of inductor coil 304 and C(p) is the
capacitance of capacitor 308 which varies with pressure.
[0105] The sensor 300 can be electromagnetically coupled
to a transmitting/receiving antenna (not shown). As a current
is induced in the sensor 300, the sensor oscillates at the
resonant frequency of the circuit formed by the inductor coil
304 and capacitor 308. This oscillation causes a change in the
frequency spectrum of the transmitted signal. From this
change, the bandwidth and resonant frequency of the particu-
lar sensor may be determined, and the corresponding blood
pressure can then be calculated. Time-resolved blood pres-
sure measurements can be correlated to flow using empirical
relationships established in clinical literature. In one
example, an external device may interrogate sensor 300 when
in close proximity and may be placed near a location in which
apatientis oftenlocated, such as in a pillow orinornearabed.
The external device may store data and have software for
interpreting and/or displaying data, or may be used in con-
junction with another device having software for interpreting
and/or displaying data. Apparatus and methods for determin-
ing sensed data, such as blood pressure or data correlating to
blood pressure, are discussed in greater detail in U.S. Pat. No.
6,855,115, the contents of which are hereby incorporated by
reference herein.

[0106] As shown, sensor 300 includes optional Nitinol
loops 310 extending from each end of body 302 to stabilize
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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,
temperature, or biology. Sensor 300 may optionally include
one or more radiopaque components to aid in localization and
imaging of the device.

[0107] Sensor 300 may be modified for various applica-
tions and tuned to selectively emphasize different parameters.
Forexample, by varying the width of the windings ofinductor
coil 304, the number of turns and the size of a gap between
adjacent 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 deflection of capacitor plate
306) can be optimized for different applications. In general,
the design allows for a very small gap between the capacitor
plates (typically between about 0.5 and about 35 microns)
that in turn provides a high degree of sensitivity while requir-
ing only a minute movement of the capacitive plates 306 and
307 to sense pressure changes.

[0108] 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
athickness of about 200 microns. This provides the ability to
develop and tune the sensor based on the operational envi-
ronment in which the sensor 300 is implanted. 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 omitted and replaced with suture holes for
attaching the sensor to a support, and cantilevers or other
structural members may be added. In some variations, the
sensors may be powered by kinetic motion, the body’s heat
pump, glucose, electron flow, Quantum Dot Energy, and simi-
lar techniques.

[0109] Sensors 300 may be used to measure one or more
types of physiological data including real time blood pres-
sure; flow velocity (e.g., blood flow); apposition forces based
on pressure changes due to interaction between two surfaces
of the prosthetic valve; impingement forces, which are cor-
related to pressure changes caused by the interaction between
a surface of the prosthetic device and native tissue; cardiac
output; effective orifice area; pressure drop; temperature;
motion; and aortic regurgitation. Sensor 300 provides time-
resolved pressure data which may be correlated to the param-
eters 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 parameters may be indi-
rectly calculated. One specific method of using sensors 300 to
measure aortic regurgitation will be described in greater
detail below with references to FIGS. 22A, 22B, and 23.
Certain sensors and applications for sensors are described in
greater detail in U.S. Patent Application No. 62/038,512 titled
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“Prosthetic Heart Devices Having Diagnostic Capabilities,”
the disclosure of which is hereby incorporated by reference
herein.

[0110] Tt may be desirable to use one or more sensors 300
with different implantable devices, such as prosthetic heart
valve 100. In particular, it may be desirable to be able to “bolt
on” one or more sensors similar to sensor 300 to a pre-existing
implantable device. However, different implantable devices
may provide for different challenges in achieving easy and
effective attachment of sensors. To that end, the housing 301
of sensor 300 may be modified to facilitate easy and effective
attachment of the sensor to a pre-existing prosthetic heart
valve 100. In embodiments of the disclosure described below,
sensors coupled to implantable devices may remain in the
body as long as desired, including for the life of the implant-
able device, so that blood pressure or other data may be taken
as long as desired.

[0111] One example of a modified MEM sensor 400 is
shown in FIGS. 4A-B. Sensor 400 may be identical to sensor
300 with certain exceptions. For example, sensor 400
includes a different attachment mechanism than sensor 300.
Instead of having the Nitinol loops 310 of sensor 300, the
body 402 of sensor 400 may include a plurality of through
holes or apertures extending from a front surface of the body
to a rear surface of the body. In particular, body 402 may
include four apertures 410a-d provided in a generally rectan-
gular configuration at one end of body 402. In particular,
apertures 410a-d may all be positioned a spaced longitudinal
distance from functional components of sensor 400, such as
any capacitive plates or windings within housing 402. Apet-
tures 410a and 4105 may be positioned along a first plane
extending transversely through body 402, and apertures 410¢
and 4104 may be positioned along a second plane extending
transversely through body 402. Similarly, apertures 4104 and
410¢ may be positioned along a first plane extending longi-
tudinally through body 402, and apertures 4105 and 4104
may be positioned along a second plane extending longitudi-
nally through body 402. Apertures 410a-d may be used to
attach sensor 400 to a device, such as prosthetic heart valve
100, with the use of attachment means such as sutures,
described in greater detail below. Sensor 400 may also be
provided with rounded corners to minimize the chance that a
sharp edge of sensor 400 damages any portion of the pros-
thetic heart valve (or other structure) to which it is attached.

[0112] FIG. 4C shows a developed view of a portion of
heart valve 100 in an expanded condition with sensors 400
and 400" coupled to the inflow end of annulus section 140 in
different configurations. First, it should be noted that sensors
400 and 400" are coupled to the lumenal surfaces of stent 102.
This configuration helps ensure that sensors 400 and 400' do
not interfere with proper sealing between the ablumenal sur-
faces of stent 102 and/or cuff 176 and the native valve annulus
250. Sensors 400 and 400" may be coupled to stent 102 and/or
cuff 176, for example by suturing. Second, sensors 400 and
400" are preferably coupled to stent 102 at a point or points on
the stent substantially longitudinally aligned with a commis-
sure attachment feature 166 and near the inflow end. This
configuration helps minimize any interference with the capa-
bility of leaflets 178 to open and close during normal opera-
tion. In other words, this position allows sensors 400 and 400’
to be between and away from leaflets 178. In addition, this
position is an area of relatively high flow, which may reduce
the likelihood of thrombus formation or tissue ingrowth on
sensors 400 and 400'". Third, sensors 400 and 400" are prefer-
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ably coupled to stent 102 so that the passive face of body 402
faces the stent, while the active face of body 402 faces toward
the longitudinal axis of prosthetic heart valve 100. This con-
figuration helps ensure that the active face of body 402 is
exposed to blood passing through the inflow end of prosthetic
heart valve 100, which may allow more accurate measure-
ments than if the active face of body 402 faced away from the
longitudinal axis of prosthetic heart valve 100.

[0113] FIG. 4D shows in greater detail how sensor 400 is
coupled to stent 102. In particular, apertures 410a and 410¢
are positioned on a first cell 162a while apertures 4105 and
4104 are positioned on a second cell 1625 adjacent first cell
162a. A first suture S1 may extend diagonally from aperture
410a to aperture 4104, passing over the strut joint connecting
cell 162a to cell 162b. Similarly, a second suture S2 may
extend diagonally from aperture 4105 to aperture 410c, also
passing over the strut joint connecting cell 162a to cell 16254.
If desired, additional sutures may extend between apertures
410a and 4105, and/or between apertures 410¢ and 4104, to
provide additional security. With this configuration, the lon-
gitudinal axis of sensor 400 is substantially parallel to the
longitudinal axis of prosthetic heart valve 100 in the
expanded condition. Further, when prosthetic heart valve
100, including stent 102, is constricted to the collapsed con-
figuration, for example during loading or resheathing, the
longitudinal axis of sensor 400 remains substantially parallel
to the longitudinal axis of prosthetic heart valve 100, as
shown in FIG. 4F.

[0114] FIG. 4E shows in greater detail how sensor 400' is
coupled to stent 102. In particular, aperture 410a' is posi-
tioned on a first cell 1624, apertures 4104' and 4104" are
positioned on a second cell 1625' adjacent first cell 1624', and
aperture410¢' is positioned in a space between cells 162a' and
1625'. A first suture S1' may extend from aperture 4104' to
aperture 4104', passing over the strut joint connecting cell
1624' to cell 1628'. A second suture S2' may extend from
aperture 410¢' to aperture 4104 across a single strut of second
cell 1625'. If desired, additional sutures may extend between
apertures 410a' and 4104, and/or between apertures 4105
and 410¢', to provide additional security. With this configu-
ration, the longitudinal axis of sensor 400" is angled with
respect to thelongitudinal axis of prosthetic heart valve 100 in
the expanded condition. As prosthetic heart valve 100 is con-
stricted to the collapsed configuration, suture S1' acts as a
fulcrum and the longitudinal axis of sensor 400’ rotates so that
it becomes substantially parallel to the longitudinal axis of the
prosthetic heart valve 100, as shown in FIG. 4F. With this
configuration, sensor 400' is substantially longitudinally
aligned with prosthetic heart valve 100 when it is in the
collapsed condition, reducing potential interference between
sensor 400" and prosthetic heart valve 100 during delivery
and/or resheathing, and enabling prosthetic heart valve 100 to
be collapsed more compactly.

[0115] Another example of a modified MEM sensor 500 is
shown in FIGS.5A-B. Sensor 500 may be identical to sensors
300 and 400 in most respects. However, the body 502 of
sensor 500 includes two projections 515. Each projection 515
has a first face extending from and coplanar with the active
face 520 of housing 502, and a second face extending from
and coplanar with the passive face 522 of housing 502. The
surface extending between the first face and the second face of
each projection 515 is preferably atraumatic, for example by
being rounded. Further, each projection 515 is preferably
positioned at a mid-point of the length of body 502. Sensor
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500 may have a plurality of through holes or apertures extend-
ing from a front surface of body 502 to a rear surface of the
body, similar to sensor 400. In particular, body 502 may
include two apertures 510a-b positioned along a first plane
extending transversely through a first end portion of the body.
Two additional apertures 510c-d may be included in body
502, with one aperture 510c¢ positioned in one projection 515
and the other aperture 5104 positioned in the other projection
515.

[0116] FIG. 5C shows a developed view of a portion of
heart valve 100 in an expanded condition with sensor 500
coupled to the inflow end of annulus section 140. The general
considerations regarding attachment location described in
connection with sensor 400 apply with equal force to sensor
500. For example, sensor 500 is preferably coupled to the
lumenal surface of stent 102 at a point substantially longitu-
dinally aligned with a commissure attachment feature 166
and near the inflow end.

[0117] FIG. 5D shows in greater detail how sensor 500 is
coupled to stent 102. In particular, aperture 5104 is positioned
on a first cell 162a while aperture 5105 is positioned on a
second cell 1625 adjacent first cell 162a. A first suture S3 may
extend from aperture 510a to aperture 5105, passing over the
strut joint connecting cell 162« to cell 1625. Aperture 510¢ is
positioned in a space between cells 162a and 1625, while
aperture 5104 1s positioned on second cell 1625. A second
suture S4 may extend from aperture 510c¢ to aperture 5104
across a single strut 160 of cell 1625. Since apertures 510¢-
5104 are positioned at a longitudinal midpoint of sensor 500,
those apertures are aligned along the length of sensor 500
with at least some active components of the sensor, such as
capacitive plates or inductor coils. Thus, suture S4 preferably
extends from aperture 510c¢ to 5104 only along passive face
522 of housing 502, which may help suture S4 avoid inter-
ference with measurements taken by sensor 500. With the
configuration described above, the longitudinal axis of sensor
500 is angled with respect to the longitudinal axis of pros-
thetic heart valve 100 in the expanded condition. As pros-
thetic heart valve 100 is constricted to the collapsed configu-
ration, suture S3 acts as a fulcrum and the longitudinal axis of
sensor 500 rotates so that it is substantially parallel to the
longitudinal axis of the prosthetic heart valve 100. During this
rotation, suture S4 slides along the strut 160 of cell 1625
extending between apertures 510¢ and 5104. Similar to the
configuration of sensor 400" described above, sensor 500 is
substantially longitudinally aligned with prosthetic heart
valve 100 when it is in the collapsed condition, reducing
potential interference between sensor 500 and prosthetic
heart valve 100 that would prevent the prosthetic heart valve
from collapsing to a compact size during delivery and/or
resheathing.

[0118] Yetanotherexample of a modified MEM sensor 600
is shown in FIG. 6A. Sensor 600 may be identical to sensors
300 and 400 in most respects. However, the body 602 of
sensor 600 includes three projections 615a-c extending from
one end of body 602. In particular, projection 6155 extends
along the longitudinal axis of body 602, while two projections
615a and 615¢ extend transverse to the longitudinal axis of
body 602. Similar to projections 515 of sensor 500, projec-
tions 615a-c of sensor 600 are preferably rounded to mini-
mize interference between the projections 615a-c¢ and the
prosthetic valve 100 to which the sensor is attached. Sensor
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600 has a plurality of apertures 610a-c extending from a front
surface of the projections 615a-c to a rear surface of the
projections, respectively.

[0119] FIG. 6B shows a developed view of a portion of
heart valve 100 in an expanded condition with sensor 600
coupled to the inflow end of annulus section 140. The general
considerations regarding attachment location described in
connection with sensor 400 apply with equal force to sensor
600. FIG. 6C shows in greater detail how sensor 600 is
coupled to stent 102. In particular, aperture 610a is positioned
on a first cell 1624 in a first annular row, and aperture 610c¢ is
positioned on a second cell 1624 in the first annular row
adjacent first cell 162a. Aperture 6105 is positioned on a third
cell 162¢, the third cell being in a second longitudinal row of
cells and being formed in part by struts 160 forming cells
162a and 162b. A first suture S5 may extend from aperture
610a to aperture 6105, from aperture 6105 to aperture 610¢,
and from aperture 610¢ back to aperture 610q, forming a
triangle. Suture S5 couples sensor 600 to prosthetic heart
valve 100 at the struts 160 forming the joint between cells
162a-c. With the configuration described above, the longitu-
dinal axis of sensor 600 is substantially parallel to the longi-
tudinal axis of prosthetic heart valve 100 in both the expanded
and collapsed conditions. Although suture S5 is described as
a single suture, it should be understood that multiple separate
sutures may be used to achieve the same attachment configu-
ration.

[0120] While FIGS. 4A-6C show various MEM sensors
and their attachment to the inflow end of prosthetic heart
valve 100, FIGS. 7-10C show additional variations of MEM
sensors and their attachment to the outflow end of prosthetic
heart valve 100.

[0121] FIG. 7 is a highly schematic developed view of
prosthetic heart valve 100 in the expanded condition. When
attaching a sensor to the outflow end of prosthetic heart valve
100, the sensor is preferably positioned so that it does not
interfere with normal operation of the prosthetic heart valve.
In particular, two outflow zones which may be less suitable
for sensor attachment are shown in FIG. 7. As described
above in connection with FIG. 1, one or more retaining ele-
ments 168 may be positioned at the outflow end 132 of stent
102. Because retaining elements 168 are configured to mate
with corresponding retaining structures on a deployment
device (not shown), it is preferable that sensors not be posi-
tioned in an interlock zone 17, which extends around the
circumference of stent 102 at retaining elements 168 and
positions just proximal of the retaining elements. If sensors
were positioned in interlock zone 17, the ability of retaining
elements 168 to properly engage the retaining structures on
the deployment device might be hindered. Similarly, it is
preferable that sensors be positioned so that they do not
interfere with the proper functioning of leaflets 178. To avoid
such interference, it is preferable that sensors not be posi-
tioned in a commissure zone CZ, which extends around the
circumference of stent 102 for the length of commissure
features 166. The commissure zone CZ may extend an addi-
tional distance toward the inflow and outflow ends of stent
102 to provide an additional buffer zone to keep sensors clear
of leaflets 178. The interlock zone 17 and commissure zone
CZ may also have a relatively large amount of curvature, and
have additional thickness due to other components attached to
stent 102 in these locations, particularly with stent 102 is in a
crimped or loaded condition. If a sensor attached to stent 102
is not substantially rigid, the sensor may be crushed or oth-
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erwise damage, particularly during loading, if coupled in the
interlock or commissure zones. In one example, when stent
102 is in the expanded condition, the longitudinal distance
between commissure features 166 and retaining elements 168
is about 20 mm, with a desirable position for sensor attach-
ment being in about the center 10 mm of this about 20 mm
distance.

[0122] A further example of'a modified MEM sensor 700 is
shown in FIG. 8A. Sensor 700 may be identical to sensor 500
in most respects. For example, the body 702 of sensor 700
includes two projections 715, each projection 715 having a
first face extending from and coplanar with an active face of
housing 702, and a second face extending from and coplanar
with the passive face of housing 702. The surface extending
between the first face and the second face of each projection
715 is preferably atraumatic, for example by being rounded.
Further, each projection 715 is preferably positioned at a
mid-point of the length of body 702. Sensor 700 has first and
second apertures 710a, 7105, one extending through each
projection 715 so as to be positioned along a plane extending
transversely through body 702.

[0123] FIG. 8B shows a developed view of a portion of
heart valve 100 in an expanded condition with sensor 700
coupled to an outflow portion of aortic section 142. As
described in connection with FIG. 7, sensor 700 is preferably
attached to stent 102 between interlock zone [Z and commis-
sure zone CZ so that sensor 700 does not interfere with the
coaptation of the leaflets or with the coupling of retaining
elements 168 of stent 102 to a delivery device. In addition,
similar to the sensors positioned on the inflow portion of stent
102, sensor 700 is preferably coupled to the lumenal surface
of stent 102. This configuration may help, for example, avoid
interference between sensors 700 and portions of the native
anatomy that would otherwise contact stent 102. [In addition,
this position is an area of relatively high flow, which may
reduce the likelihood of thrombus formation or tissue
ingrowth on sensor 700. Further, similar to the sensors
described above, sensor 700 is preferably coupled to stent 102
so that the passive face of body 702 faces the stent, while the
active face of body 702 faces toward the longitudinal axis of
prosthetic heart valve 100. This configuration helps ensure
that the active face of body 702 is exposed to blood passing
through the outflow end of prosthetic heart valve 100, which
may allow more accurate measurements than if the active face
of body 702 faced away from the longitudinal axis of pros-
thetic heart valve 100.

[0124] FIG. 8C shows in greater detail how sensor 700 is
coupled to stent 102. In particular, aperture 710a is positioned
on a first cell 1624 while aperture 7105 is positioned on a
second cell 162¢ adjacent first cell 162d. A suture S6 may
extend from aperture 710a to aperture 7105, passing over the
strut joint connecting cell 162dto cell 162e. Preferably, suture
S6 couples sensor 700 to stent 102 such that the suture does
not cross the active face of sensor 700, for the same reasons
described in connection with sensor 500. It should be under-
stood that although this configuration is preferable, in other
configurations sutures may cross the active face of a sensor.
With the configuration described above, the longitudinal axis
of sensor 700 may be angled or parallel with respect to the
longitudinal axis of prosthetic heart valve 100 in the
expanded condition. If sensor 700 is positioned at an angle, as
prosthetic heart valve 100 is constricted to the collapsed con-
figuration, sensor 700 may rotate so that it is substantially
parallel to the longitudinal axis of the prosthetic heart valve
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100, reducing potential interference between sensor 700 and
prosthetic heart valve 100 during delivery and/or resheathing,
and enabling the prosthetic heart valve to collapse to a com-
pact size.

[0125] FIG. 9A illustrates another example of a modified
MEM sensor 800. Sensor 800 may be identical to sensor 700,
with the exception that the body 802 of sensor 800 includes
rounded projections 815 that each has two apertures, rather
than one. In particular, two apertures 810a, 810¢ are posi-
tioned on a first projection 815, and two apertures 8105, 8104
are positioned on a second projection 815. FIG. 9B shows a
developed view of a portion ofheart valve 100 in an expanded
condition with sensor 800 coupled to an outflow portion of
aortic section 142. The considerations described above with
respect to the placement of sensor 700 on stent 102 apply with
equal force to the placement of sensor 800 on stent 102.

[0126] FIG. 9C shows in greater detail how sensor 800 is
coupled to stent 102. In particular, aperture 8104 is positioned
on a first cell 1624 in a first annular row of cells, apertures
8105 and 8104 are positioned on a second cell 162¢ adjacent
first cell 1624 in the first annular row of cells, and aperture
810c is positioned in a third cell 162fadjacent first and second
cells 162d-e and in a second annular row of cells adjacent the
first annular row of cells. A first suture S7 may extend from
aperture 810a to aperture 8105, passing over the strut joint
connecting cell 1624 to cell 162¢. A second suture S§ may
extend across a single strut 160 shared between second cell
162¢ and third cell 162/ If desired, additional sutures may
extend between apertures 810a and 810d, and/or between
apertures 8106 and 810¢, to provide additional security. With
this configuration, similar to the configuration described in
connection with sensor 400", the longitudinal axis of sensor
800 is angled with respect to the longitudinal axis of pros-
thetic heart valve 100 in the expanded condition. As pros-
thetic heart valve 100 is constricted to the collapsed configu-
ration, suture S7 acts as a fulcrum and the longitudinal axis of
sensor 800 rotates so that it becomes substantially parallel to
the longitudinal axis of the prosthetic heart valve 100. With
this configuration, sensor 800 is substantially longitudinally
aligned with prosthetic heart valve 100 when it is in the
collapsed condition, reducing potential interference between
sensor 800 and prosthetic heart valve 100 that would prevent
the prosthetic heart valve from collapsing to a compact size
during delivery and/or resheathing. This alignment may fur-
ther avoid unwanted mechanical strain on the sensor and
structures connecting the sensor to the valve as well as unde-
sirable strain effects on the stent and/or valve itself. In an
alternate configuration, sutures S7 and S8 may be centered
across the intersection of cells 1624 and 162e. In other words,
in this alternate configuration, apertures 810a and 810¢ may
both be positioned in cell 162 and apertures 8105 and 8104
may be positioned in cell 162, with sutures 37 and S8 both
extending from cell 162d to cell 162e.

[0127] FIG. 10A illustrates another example of a modified
sensor 900. Sensor 900 may be similar to sensor 800 in that it
includes four apertures 910a-d. However, the apertures
910a-d are positioned on four rounded projections 915a-d,
respectively. In particular, projections 915a-b and apertures
910a-b are located at a first lengthwise position toward one
end of body 902, while projections 915¢-d and apertures
910c¢-d arelocated at a second lengthwise position toward the
opposite end of body 902, and spaced apart in the lengthwise
direction from projections 915a-b. F1G. 10B shows a devel-
oped view of a portion of heart valve 100 in an expanded
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condition with sensor 900 coupled to an outflow portion of
aortic section 142. The considerations described above with
respect to the placement of sensor 700 on stent 102 apply with
equal force to the placement of sensor 900 on stent 102.
[0128] FIG. 10C shows in greater detail how sensor 900 is
coupled to stent 102. In particular, aperture 910a is positioned
on a first cell 1624 in a first annular row of cells, and aperture
91054 is positioned in a space between first cell 1624 and a
second cell 162¢ adjacent the first cell in the first annular row.
Aperture 910c is positioned in a third cell 162fadjacent first
and second cells 162d-¢ and in a second annular row of cells
adjacent the first annular row of cells, and aperture 9104 is
positioned within second cell 162¢. A first suture S9 may
extend from aperture 910a to aperture 9105, passing over a
single strut 160 of first cell 162d. A second suture S10 may
extend from aperture 910c¢ to aperture 9104, passing over a
single strut 160 shared by second cell 162¢ and third cell 162f.
With this configuration, sensor 900 is able to rotate as pros-
thetic heart valve 100 is collapsed so that the sensor is sub-
stantially aligned with the longitudinal axis of the prosthetic
heart valve when stent 102 is in the collapsed condition. The
configuration of sutures S9 and S10 each extending across a
single strut also permits sensor 900 to slide a distance toward
or away from the outflow end of stent 102.

[0129] A further embodiment of a MEM sensor 1000 is
illustrated in FIG. 11A. Sensor 1000 may be similar in struc-
ture to sensor 300 with certain exceptions. For example, sen-
sor 1000 includes a body 1002 with a rounded main body
1004 housing the sensor components, and two fingers 1006a
and 10065 extending from the main body along the length
thereof. Fingers 1006a and 10065 may have a similar outer
contour as the outer contour of main body 1004, with the
outer contours of the main body 1004 and fingers 10064 and
10065 together forming a portion of a circle or oval, or a
substantially circular or ovular shape. Fingers 1006a and
10065 in combination with a portion of main body 1004
together form a partially open channel 1010 extending along
the length of body 1002. As shown in FIG. 11B, channel 1010
may have a width D1. The open side of channel 1010, gener-
ally defined by the space between the inner terminal portions
of fingers 1006a and 10065, may have a width D2. Width D2
is preferably smaller than width D1, so that sensor 1000 may
be snap fit onto another device, as described in greater detail
below.

[0130] Sensor 1000 may be coupled, for example by snap
fitting, onto any suitable device. For example, as shown in
FIG. 11C, sensor 1000 may be coupled to a strut 160 of stent
102. Strut 160 preferably has a width that is substantially
equal to or smaller than the width D1 of channel 1010, but
greater than the width D2 of the open side of the channel. With
this configuration, once sensor 1000 is coupled to strut 160,
the width of strut 160 keeps sensor 1000 coupled to stent 102
because strut 160 is too wide to easily pass through the open
side of channel 1010. In order to snap or otherwise couple
sensor 1000 to strut 160, a user may orient sensor 1000 so that
a smaller dimension of strut 160 passes through the open side
of channel 1010, after which the sensor may be rotated to a
position similar to that shown in FIG. 11C. Strut 160 has a
thickness dimension that is smaller than its width dimension,
and substantially equal to or smaller than the width D2 of the
open side of channel 1010. Additionally or alternatively, strut
160 may be somewhat compressible and/or fingers 1006 and
10065 of body 1002 may splay away from one another upon
the application of force to help snap fit sensor 1000 onto strut
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160. Although the connection of sensor 1000 to a strut 160 of
stent 102 has been desctibed, it should be understood that
sensor 1000 may be coupled to any device with a suitable
attachment structure, such as other portions of stent 102,
other or similar structures on different types of heart valves,
or other implantable devices altogether.

[0131] FIG. 11D shows a developed view of a portion of
heart valve 100 in an expanded condition with sensor 1000
coupled to the inflow end of annulus section 140. The general
considerations of the attachment of sensor 1000 to the inflow
end of annulus section 140 may be the same as described in
connection with sensor 400. It should also be noted that,
although not explicitly shown, sensor 1000 may also be
coupled to the outflow portion of aortic section 142, or at any
other desirable position with a suitable structure available. As
noted above, main body 1004 and fingers 10062 and 10065 of
sensor 1000 have an outer surface that may be substantially
circular. As stent 102 transitions from the expanded condition
(FIG. 11E) to the collapsed condition (FIG. 11F), the inner
diameter of stent 102 approaches the outer diameter of sensor
1000. With this configuration, when stent 102 is in the
crimped or collapsed condition, there is enough clearance to
minimize or avoid interference with and/or damage to the
valve components of prosthetic heart valve 100 by sensor
1000.

[0132] Another embodiment of a MEM sensor 1100 is
illustrated FIGS. 12A-B. Sensor 1100 may be generally simi-
lar in structure to sensor 300, with sensor 1100 having a body
1102 with the sensor components housed therein. However,
instead of Nitinol loops, a ring clip 1105 may be coupled to
the rear of body 1102. As shown in the side view of sensor
1100 in FIG. 12A, the ring clip 1105 may include a first
arcuate arm 1115a and a second arcuate arm 11155, the
terminal ends of the two arms defining a gap 1116. First arm
11154 and second arm 11156 may be formed as a unitary
piece or separate pieces. Preferably, first arm 11154 and sec-
ond arm 11155 are both formed of a shape memory material,
such as Nitinol. As shown in the rear view of sensor 1100 in
FIG. 12B, the arms 1115a and 11156 may be positioned
substantially parallel to the longitudinal axis of sensor 1100,
and toward one end of housing 1102, although other positions
may be suitable. This configuration may enable sensor 1100
to be clipped onto one or more struts 160 of stent 102 without
the need for sutures.

[0133] As shown in FIG. 12C, prosthetic heart valve 100
may include runners 161 which are struts 160 that connect a
bottom vertex of one cell 162 with a top vertex of a vertically
adjacent cell 162. Sensor 1100 may be coupled to stent 102 by
hooking first arm 1115a over the bottom vertex of one cell
162, and hooking second arm 11155 under the top vertex ofa
vertically adjacent cell, as shown in FIG. 12D. The shape-
memory property of the first arm 1115a and second arm
11155 allow the arms to be moved away from one another to
increase the size of gap 1116, and after hooking the arms
11154 and 111554 over and under the cell vertices, the arms
may return to their pre-set shape, decreasing the size of gap
1116, and providing a secure connection to stent 102. In this
assembled position, sensor 1100 is aligned over runner 161.
Since the length of runner 161 does not change as prosthetic
heart valve 100 moves between the collapsed and expanded
conditions sensor 1100 can stay assembled to stent 102 as the
prosthetic heart valve is delivered into a patient and deployed.
It should be understood that arms 11154 and 11155 may be
shaped, sized, or positioned in a manner other than described
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above, including on different faces of body 1102, to attach
sensor 1100 to other locations on stent 102, for example to
other struts 160 or to commissure a attachment feature 166.
Also, although one set of two arms 1115« and 11155 is
illustrated, it should be understood that additional sets of arms
may be provided on sensor 1100. The sets of arms may be
sized and positioned to match a desired connecting position
on stent 102 or on other types of stents of other prosthetic
heart valves.

[0134] Another embodiment of a MEM sensor 1200 is
illustrated FIGS. 13 A-B. Sensor 1200 may be generally iden-
tical to sensor 1100, with sensor 1200 having a modified
connecting mechanism. For example, instead of a ring clip
1105, sensor 1200 includes a one-arm clip 1215 extending
from a rear surface of body 1202. As shown in the top view of
sensor 1200 in FIG. 13A, clip 1215 includes a single arm
1218 with a first terminal end coupled to the rear surface of
body 1202. Arm 1218 may have a first portion extending
away from body 1202, a second portion extending parallel to
body 1202, and a third portion returning toward body 1202 so
thata second terminal end ofarm 1218 is spaced from the rear
surface of body 1202, forming a gap 1216. Although illus-
trated as rectangular, clip 1215 may take other shapes and
may be, for example, rounded. Preferably, clip 1215 is formed
of a shape-memory material, such as Nitinol. As shown in the
rear view of sensor 1200 in FIG. 13B, the clip 1215 may be
positioned substantially orthogonal to the longitudinal axis of
body 1202, and toward one end thereof, with the center of clip
1215 being substantially aligned with the longitudinal axis of
body 1202, although other positions may be suitable. This
configuration may enable sensor 1200 to be clipped onto one
or more struts of stent 102 without the need for sutures.

[0135] As shown in FIG. 13C, sensor 1200 may be coupled
to stent 102 by hooking the arm 1218 of clip 1215 around two
struts 160 forming the upper vertex of a cell 162, although
other connection locations may be suitable. The shape-
memory property of clip 1215 allows the arm 1218 to be
moved away from the rear surface of body 1202 to increase
the size of gap 2116, and after hooking arm 1218 around struts
160, the arm may return to its pre-set shape, decreasing the
size of gap 1216, and providing a secure connection to stent
102. It should be understood that arm 1218 may be shaped,
sized, or positioned in a manner other than described above,
including on different faces of body 1202, to attach sensor
1200 to other locations on stent 102, for example to other
struts 160 or to a commissure attachment feature 166. Also,
although one arm 1218 is illustrated, it should be understood
that additional arms may be provided on sensor 1200. The
arm or arms may be sized and positioned to match a desired
connecting position on stent 102 or on other types of stents of
other prosthetic heart valves.

[0136] FIG. 14A illustrates a top view of a further embodi-
ment of a MEM sensor 1300. Sensor 1300 may be substan-
tially similar to sensor 300, with sensor 1300 lacking Nitinol
loops and having a modified geometry of body 1302. In
particular, body 1302 may include a front section 13024, a
middle section 13025, and arear section 1302¢. Front section
13024 may have a width larger than middle and rear sections
13025 and 1302¢. Rear section 1302¢ may have a width larger
than middle section 13025. The centers of front, middle, and
rear sections 1302a-c may be substantially aligned so that
front section 1302a¢ and rear section 1302¢ each has two
portions extending laterally from middle section 13025. As is
described in greater detail below, the laterally extending por-
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tions of front and rear sections 1302a and 1302¢ facilitate a
snap fit connection of sensor 1300 to another device.

[0137] FIG. 14B illustrates a portion of a stent 102' for use
with a prosthetic heart valve in a developed view, as if cut
longitudinally and laid out flat. Stent 102' is substantially
identical to stent 102 with minor variations. In particular,
struts 160" form cells 162, and at least one set of struts 160’
may define an aperture 163'. Aperture 163', as illustrated in
FIGS. 14B-C, may be formed in a runner, which may be the
region where two struts 160' of a first cell 162' meet two struts
160" of an adjacent cell 162' in the same annular row. The
width of aperture 163' may be smaller than that of front and
rear sections 13024 and 1302¢ of the body 1302 of sensor
1300, and substantially similar to the width of the middle
section 13025 of sensor 1300. With this configuration, as
shown in FIGS. 14D-E, sensor 1300 may be snap fit into
aperture 163' of stent 102. Because stent 102' may be made of
Nitinol or another material having flexibility, rear section
1302¢ of sensor 1300 may be forced through aperture 163'
until the laterally extending portions of rear section 1302¢
pass fully through aperture 163, as best seen in FIG. 14E. The
laterally extending portions of front section 1302a are too
large to pass through aperture 163, leading to a secure snap fit
connection of sensor 1300 to stent 102'. The laterally extend-
ing portions of rear section 1302¢ of sensor 1300 may be
formed of a material with some flexibility as well so that these
portions may collapse to a small degree to help them pass
through aperture 163' when coupling the sensor 1300 to stent
102'.

[0138] FIG. 15A illustrates a top view of a MEM sensor
1400 according to still a further embodiment of the disclo-
sure. Sensor 1400 may be substantially similar to sensor 300,
without Nitinol loops and with a different geometry. For
example, body 1402 of stent 1400 may include a relatively
large head 14024 with a relatively narrow shank 14025 pro-
jecting away from head 1402q. Head 1402a may form hooks
14034 where shank 14024 transitions to shank 14025, A pair
of flexible arms 14035 may extend laterally from shank
14025 at a spaced distance from head 1402¢. Flexible arms
14035 may be formed of a shape-memory material such as
Nitinol, and may be shape set so that in the absence of an
externally applied force, arms 14035 curve or hook toward
head 1402a. As a result, in the absence of an externally
applied force, open slots may be formed between each arm
14035 and each adjacent hook 14034 of head 14024.

[0139] As best shown in FIG. 15C, shank 14025 may be
slightly narrower than aperture 163' so that it may be inserted
through aperture 163", and front portion 1402a may be sub-
stantially wider than aperture 163' so that it cannot pass
through aperture 163'. Because arms 14035 are flexible, they
may bend out of the way as shank 14025 passes through the
aperture 163", the arms 14035 also passing through aperture
163'. Once the arms 14035 fully pass through aperture 163',
they may return to their pre-set shape and hook over portions
of the struts 160" forming aperture 163'. Similarly, hooks
1403a may hook over those same struts 160' from the other
side. This arrangement enables sensor 1400 to be quickly and
securely coupled to stent 102" via aperture 163".

[0140] Another embodiment of a MEM sensor 1500 is
shown in FIGS. 16A-B. Sensor 1500 may be substantially
identical to sensor 300, with the exception that sensor 1500
does not have Nitinol loops but rather a different securement
mechanism. For example, a protrusion 1505 may extend from
the rear face of body 1502 to facilitate coupling of sensor
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1500 to an aperture 163' of stent 102'. Protrusion 1505 may
include a first member 15104 having a semi-circular shaft
15154 that projects from the rear face of body 1502 and
terminates in an enlarged semi-circular head 1516q, and a
second member 15105 having a semi-circular shaft (not
shown) that projects from the rear face of body 1502 and
terminates in an enlarged semi-circular head 15165. The first
and second members 1510a, 15105 may be mirror images of
one another, and may be spaced apart to define gap 1518
therebetween.

[0141] To couple sensor 1500 to stent 102", a user need only
push the heads 15164 and 15165 of protrusion 1505 through
aperture 163'. Preferably, heads 1516¢ and 15165 have a
chamfered surface such that the act of pushing members
15104 and 15105 through aperture 163' forces the heads
toward one another, closing gap 1518. As should be under-
stood, heads 15164 and 15165, together with gap 1518 ther-
ebetween, may collectively have a width that is greater than
the width of aperture 163'. However, when gap 1518 1s closed,
heads 1516a and 15164 together have a smaller width that is
capable of passing through aperture 163". The shafts of mem-
bers 1510a and 15105, together with gap 1518 therebetween,
have a width that is smaller than the width of aperture 163/,
regardless of whether gap 1518 is open or closed. When
sensor 1500 is assembled to stent 102', once the heads 1516a
and 151654 clear the struts 160" forming aperture 163", there is
no longer a compressive force closing gap 1518, the heads
15164 and 15164 return toward their initial positions, and gap
1518 returns toward its initial size. The chamfered surfaces of
heads 1516a and 15164 are directional so that pushing mem-
bers 15104 and 15105 through aperture 163 tends to force the
members together, while pulling the members in the opposite
direction does not produce the same effect. This configuration
helps ensure that sensor 1500 may be easily and securely
coupled to stent 102' via aperture 163', but unintentional
disconnection of the sensor 1500 from the stent is difficult.

[0142] Though previous examples have illustrated sensors
disposed on collapsible heart valves, other applications of the
sensors are possible. For example, FIG. 17A illustrates a
MEM sensor 1600 similar to sensor 300 with a few variations.
Sensor 1600 includes a body 1602 substantially similar to
body 302 but without the Nitinol loops of sensor 300. Rather,
arear side of body 1602 includes four arms 1615¢-d extend-
ing therefrom. Each arm 1615a-d preferably is made of a
shape-memory material, such as Nitinol. In addition, each
arm 1615a-d preferably has a pre-set L shape in which, in the
absence of an externally applied force, each arm first extends
orthogonally away from the rear surface of body 1602 and
then in adirection parallel to the rear surface of body 1602. As
shown in FIG. 17A, each arm 1615a-d extends substantially
at a right angle to the adjacent arms, although other configu-
rations may be suitable. This configuration may make sensor
1600 particularly suitable for attachment to a stented surgical
valve 2000, shown in FIG. 17B.

[0143] Valve 2000 generally includes a fatigue-resistant
metallic frame 2010, shown in FIG. 17C (sometimes also
referred to as a stent), having three upstanding posts 2012. As
best seen in FIGS. 17C-D, each post 2012 may have an
aperture 2014 at its distal tip. Pericardial tissue or other suit-
able material may cover stent 2010 and may be supported by
posts 2012 to form the leaflets 2030 of a one-way valve. A
sewing cuff 2020 may be attached in the form of a ring around
the proximal periphery of stent 2010. Prior to attaching cuff
2020, leaflets 2030 and other material to stent 2010, sensor
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1600 may be coupled to stent 2010 as follows. The arms
1615a-d may each be deformed so that they all extend sub-
stantially orthogonally from the rear surface of body 1602. In
this deformed condition, the arms 1615a-d are inserted
through aperture 2014 of post 2012. The portions of arms
1615a-d that are shape set to extend substantially parallel to
the rear surface of body 1602 take their set shape once those
portions clear aperture 2014. With this configuration, the
arms 1615a-d effectively hook onto post 2012, securing sen-
sor 1600 in place. It should be understood that more or less
than four arms 1615a-d may be suitable for this application,
and the arms may extend in directions other than those shown.
Further, sensor 1600 may be coupled to valve 2000 after the
cuff 2020, leaflets 2030 and/or other material have been
applied to stent 2010, for example by making a small hole in
the material in alighment with an aperture 2014 to which the
sensor is to be secured. Still further, although sensor 1600
may be suitable for coupling to a surgical valve, sensor 1600
may be effectively coupled to any device having an appropri-
ately sized aperture through which arms 1615a-d may pass.

[0144] Sensors having configurations other than that
described directly above may be attached to surgical valve
2000. For example, FIG. 17E illustrates surgical valve 2000
with a first MEM sensor SEN1 coupled to an outer surface of
the valve, generally in alignment with a post 2012 of stent
2010. Sensor SEN1 may take the form of any of the sensors
having apertures as described above, and may be coupled to
valve 2000 via sutures, for example. Similarly, another MEM
sensor SEN2 is illustrated as being coupled to sewing cuff
2020. As with sensor SEN1, sensor SEN2 may take the form
of any ofthe sensors having apertures as described above, and
may be coupled to cuff 2020 with sutures. Cuff 2020 may
have a substantially flat top and bottom surface correlating to
outflow and inflow portions, respectively. Although shown as
attached to the outflow portion of cuff 2020, sensor SEN2
may alternately be coupled to the inflow portion of cuff 2020.
Preferably, for any valve application, one sensor is coupled to
an inflow side of the valve and a second sensor is coupled to
an outflow side of the valve, such that the pressure difference
across the valve may be calculated. Although shown in rela-
tion to surgical valve 2000, the configuration of sensors SEN1
and/or SEN2 described above may be applied to any valve
having similar features, such as a sewing cuff.

[0145] FIGS.17F-G illustrate additional sensor systems for
use with valve 2000, although it should be clear that the
sensor systems can be used with nearly any type of prosthetic
heart valve, or even with a native heart valve. The system of
FIG. 17F includes an outflow MEM sensor 2100 and an
inflow MEM sensor 2200. Sensors 2100 and 2200 may be
similar or identical to sensor 300, without the Nitinol loops of
sensor 300. Instead, both sensors 2100 and 2200 are coupled
to a frame 2300. The coupling may be via suturing, adhesives,
welding, or any other suitable method. As shown in FIG. 17F,
frame 2300 may be situated outside valve 2000, and may
include an outflow frame section 2310 and an inflow frame
section 2320. Frame sections 2310 and 2320 may be circular
and configured to contact native anatomy to secure frame
2300 in the anatomy in a desired position. Preferably, frame
2300 is formed of a shape-memory alloy, such as Nitinol.
When used during an open chest surgical procedure, frame
2300 may be positioned within the native valve prior to cou-
pling surgical valve 2000 to the native valve annulus. Prefer-
ably, the portion of frame 2300 connecting outflow frame
section 2310 to inflow frame section 2320 is thin so as to not
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significantly interfere with the connection between cuff 2020
and the native anatomy. Alternatively, the portion of frame
2300 connecting outflow frame section 2310 to inflow frame
section 2320 may pass through cuff 2020. Frame 2300 may
also be collapsible and expandable to facilitate delivery to the
native valve site using a catheter delivery procedure if such
delivery is desired. In the configurations described above,
frame 2300 is positioned outside leaflets 2030. Although
outflow frame section 2310 and inflow frame section 2320 are
each illustrated as a single wire in a zig-zag pattem, other
patterns, such as single annular rows of cells or multiple
annular rows of cells similar to those of stent 102, are pos-
sible. Iftaking the form of annular rows, the rows need not be
fully circular but may rather form a portion of a circle or other
curved geometry. With the above-described configuration,
frame 2300 is positioned so as to support one sensor on the
inflow side of valve 2000, preferably in close proximity to the
area in which blood enters the valve to provide accurate
physiological measurements. Similarly, frame 2300 is posi-
tioned so as to support a second sensor on the outflow side of
valve 2000, preferably in close proximity to the area in which
blood exits the valve to provide accurate physiological mea-
surements.

[0146] FIG. 17G illustrates a sensor system similar to that
shown in FIG. 17F, with certain differences. For example, the
system may include an outflow MEM sensor 2100' and an
inflow MEM sensor 2200' which may be the same as or
different from outflow sensor 2100 and inflow sensor 2200,
respectively. Each sensor 2100' and 2200' may be coupled to
a frame 2300' by suturing, adhesives, welding, or any other
suitable technique. Frame 2300' may include outflow frame
section 2310' and inflow frame section 2320' that are similar
or identical to the corresponding sections of frame 2300
described above. The main difference between frames 2300’
and 2300 is that outflow frame section 2310 is coupled to
inflow frame section 2320' near a center of each respective
frame section, so that frame 2300' passes through a center of
valve 2000 and sensors 2100' and 2200' are aligned with or
near the central axis of the valve. The portion of frame 2300
connecting outflow frame section 2310' to inflow frame sec-
tion 2320" is preferably thin and straight so as to not interfere
with the coaptation of leaflets 2030. Frame 2300' and sensors
2100' and 2200' may be positioned within the native anatomy
after implantation of valve 2000 in an otherwise similar fash-
ion to that described for frame 2300. It should further be
understood that frame 2300' and sensors 2100' and 2200' may
be used with any other type of prosthetic heart valve that can
coapt over the portion of frame 2300' connecting outflow
frame section 2310' to inflow frame section 2320". Similarly,
frame 2300' with sensors 2100' and 2200' may be implanted
for use with a native valve, with the native valve leaflets
coapting over the portion of frame 2300' connecting outflow
frame section 2310' to inflow frame section 2320'. The
embodiment described in connection with FIG. 17G may be
advantageous because frame 2300' is mostly independent of
prosthetic heart valve 2000 and can be used with other types
of valve devices (or native valves) and may be implanted after
implantation of a prosthetic valve. However, the embodiment
described in connection with FIG. 17F may be advantageous
because it avoids potential interference between coaptation of
valve leaflets and a frame structure extending through the
valves.

[0147] FIG. 17H illustrates a sensor system similar to that
shown in FIG. 17G, with certain differences. For example, the
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system may include an outflow MEM sensor 2100" and an
inflow MEM sensor 2200" which may be the same as or
different from outflow sensor 2100' and inflow sensor 2200,
respectively. Each sensor 2100" and 2200" may be coupled to
a frame 2300" by suturing, adhesives, welding, or any other
suitable technique. Frame 2300" may include outflow frame
section 2310" and inflow frame section 2320" that are similar
or identical to the corresponding sections of frame 2300’
described above. The main difference between frames 2300"
and 2300' is that outflow frame section 2310" is coupled to
inflow frame section 2320" with frame portions extending
outside the leaflets and through the cuff 2020. This embodi-
ment provides the benefits of having sensors 2100" and 2200"
centered along the path of blood flow, without having any
structures running through the leaflets and possibly interfer-
ing with coaptation of the leaflets. In this embodiment,
although two struts are shown connecting outflow frame sec-
tion 2310" and inflow frame section 2320", it may be useful to
use three struts for connection, each strut running along a
stent post SP of the valve 2000, for example. Having three
struts as described above may aid in centering sensors 2100"
and 2200" in the path of blood flow.

[0148] FIGS. 18A-B illustrate yet another application for
sensors, a mechanical valve 3000 used for replacing the func-
tion of a native heart valve. Mechanical valve 3000 may
function similarly to surgical valve 2000 or prosthetic heart
valve 100 to replace the function of, for example, an aortic
valve or amitral valve. Generally, valve 3000 includes sewing
cuff 3020, support structure 3010, and two actuating flaps
3030 which function as leaflets to enable one-way flow. Cuff
3020 may include a number of marker bands 3040 to aid in
localization. Sensors may be coupled to mechanical valve
3000 in a number of ways.

[0149] One configuration of attaching an outflow MEM
sensor 3100 and an inflow MEM sensor 3200 to mechanical
valve 3000 1s shown in FIG. 18B. In particular, outflow sensor
3100 may be substantially similar or identical to sensor 300,
but without the Nitinol loops of sensor 300. Instead, sensor
3100 includes a coupling element 3110. Similarly, inflow
sensor 3200 may be substantially similar or identical to sen-
sor 300, but without the Nitinol loops of sensor 300, and
includes a coupling element 3210. As shown, coupling ele-
ment 3110 may be a male coupling element configured to pass
through (or be sutured onto) cuff 3020. Although not
required, coupling element 3110 preferably has a sufficient
stiffness to keep a stable positional relationship between cou-
pling element 3110 and sensor 3100. In one example, cou-
pling element 3110 may be a metal wire, such as a Nitinol
wire. Coupling element 3210 of sensor 3200 preferably has a
complementary shape and/or structure to coupling element
3110. For example, coupling element 3110 may have threads
configured to threadingly couple to coupling element 3210. In
other embodiments, coupling element 3110 may have a press
fit relationship with coupling element 3210. To achieve the
press fit relationship, an end portion of coupling element 3110
may have a shape that corresponds to the shape of a recess in
coupling element 3210. Still further, coupling element 3110
may be sutured to coupling element 3210 to couple sensor
3100 to sensor 3200. Other arrangements for joining coupling
element 3110 to coupling element 3210 are also possible,
including a snap fit, a ball and socket connection, adhesives,
welding and other known techniques. Even further, outflow
sensor 3100 may be stapled, glued, sutured, or the like to the
outflow end of cuff 3020, either directly or by stapling cou-
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pling element 3110 to cuff 3020. If sensor 3100 is directly
stapled to cuff 3020, the coupling element 3100 may be
unnecessary. Similarly, inflow sensor 3200 may alternatively
be stapled, glued, sutured, or the like to the inflow end of cuff
3020.

[0150] A prosthetic heart valve 4000 according another
embodiment of the disclosure is illustrated in FIG. 19A. Pros-
thetic heart valve 4000 may be similar to prosthetic heart
valve 100 in a number of ways, with certain differences mak-
ing it particularly suitable for use to replace the mitral valve.
Prosthetic heart valve 4000 may include a flared stent 4050
and a valve assembly having three leaflets attached to a cylin-
drical cuff. Prosthetic heart valve 4000 is collapsible and
expandable and designed for replacement of a native mitral
valve. Prosthetic heart valve 4000 has an inflow end 4010, an
outflow end 4012, a substantially cylindrical portion nearer
outflow end 4012, and an outwardly flared portion nearer
inflow end 4010 when in the expanded condition. It should be
understood that prosthetic heart 4000 is not limited to
replacement of mitral valves, and may be used to replace
other heart valves.

[0151] Stent 4050 includes a plurality of struts 4052 form-
ing three circumferential rows of cells (best seen in FIG.
19B). Commissure attachment features (CAFs) 4066 may be
included near outflow end 4012. The first row of cells may be
disposed adjacent outflow end 4012 and the third row of cells
may be disposed adjacent inflow end 4010. Stent 4050 may
include securement features to help secure valve 4000 within
the mitral valve annulus. These securement features may be in
the form of struts forming engaging arms 4070 nested within
particular cells of stent 4050. Engaging arms 4070 are shape
set or biased to project outwardly from those particular cells,
and may be configured to engage portions ofheart tissue (e.g.,
native mitral valve leaflets) when prosthetic heart valve 4000
is deployed in a patient. Each engaging arm 4070 may be
formed of a shape-memory alloy, and is preferably formed
from the same material as stent 4050. Engaging arms 4070
may include two substantially parallel struts connected to one
another by a rounded strut. The free end of each engaging arm
4070 defined by the rounded strut projects outwardly into
engagement with the surrounding tissue. In certain arrange-
ments, the engaging arms 4070 may clip over the native mitral
valve leaflets to hold prosthetic valve 4000 in place.

[0152] FIG. 19B illustrates three potential configurations
for attaching an outflow sensor to valve 4000. In one arrange-
ment, outflow MEM sensor 4100 may be coupled to valve
4000 by suturing to one or more struts of an engagement arm
4070. Sensor 4100 may take the form of any suitable sensor
described above including, for example, a sensor with aper-
tures to facilitate suturing, such as sensor 400 or 500. When
engagement arm 4070 is clipped over a native mitral valve
leaflet, outflow sensor 4100 will be positioned within the left
ventricle. In another arrangement, an outflow MEM sensor
4200 may be coupled to one or more struts 4052 at the annulus
portion of the stent 4050 near outflow end 4012. Outflow
sensor 4200 may take the form of any of the above-described
sensors suitable for connection to stent 4050, including the
sensors with apertures. In a third arrangement, an outflow
MEM sensor 4300 may be coupled to CAF 4066, for exaniple
by suturing. As with the other outflow sensors described
immediately above, outflow sensor 4300 may take any suit-
able form described above, including sensors with apertures
to facilitate suturing to CAF 4066. Although three outflow
sensors 4100-4300 are illustrated in FIG. 19B, this is for
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purposes of illustration only, and generally only a single
outflow sensor would be attached to valve 4000.

[0153] In addition to an outflow sensor, an inflow sensor
may also be coupled to valve 4000. FIG. 19C illustrates valve
4000 from inflow end 4010 and shows different configura-
tions for attaching an inflow sensor to valve 4000. For
example, inflow MEM sensor 4400 may be coupled to and
extend outwardly from one or more struts 4052 on the inflow
end 4010 of stent 4050. Alternatively, inflow MEM sensor
4500 may be coupled to and extend along a strut 4052 at the
inflow end 4010 of stent 4050. As another alternative, inflow
MEM sensor 4600 may be coupled to and extend along a strut
4052 adjacent to the valve assembly on the inflow side of the
valve leaflets. Inflow sensor 4600 may be coupled to addi-
tional struts not visible in FIGS. 19A-B, the additional struts
extending in the longitudinal direction of stent 4050 and
being configured to provide additional support for the attach-
ment of a cuff, skirt, or similar structure to stent 4050. As a
still further alternative, inflow MEM sensor 4700 may be
coupled to and extend along a strut 4052, similar to inflow
sensor 4500 but positioned farther from the inflow end 4010
than inflow sensor 4500. Each inflow sensor 4400-4700 may
take the form of any of the sensors described above, for
example a sensor with suitably positioned apertures to facili-
tate suturing of the inflow sensor to valve 4000. Although four
inflow sensors 4400-4700 are illustrated in FIG. 19C, this is
for purposes of illustration only, and generally only a single
inflow sensor would be attached to valve 4000.

[0154] FIG. 19D illustrates heart valve 4000 implanted
within the native mitral valve annulus with outflow sensor
4100 coupled to one of the engaging arms 4070 and inflow
sensor 4400 coupled to and extending from struts 4052 at
inflow end 4010 of valve 4000. With this particular configu-
ration, outflow sensor 4100 is positioned within the left ven-
tricle and inflow sensor 4400 is positioned within the left
atrium during normal operation, the two sensors providing
the ability to detect, for example, the pressure difference
between the two heart chambers during operation of valve
4000. Additional details of prosthetic heart valve 4000 and
similar prosthetic heart valves are described in greater detail
in U.S. Provisional Patent Application No. 62/137,444 titled
“Prosthetic Mitral Valve,” the disclosure of which is hereby
incorporated by reference herein. It should be understood that
although valve 4000 is described for use as a replacement for
the mitral valve, the same or similar structure, as well as
inflow and outflow sensor configurations, may be suitable for
other heart valves.

[0155] The sensors described above or sensors similar to
those described above may be used in still other applications.
For example, sensors may be used with vascular stents, plugs
and/or occluders to take measurements, such as pressure mea-
surements, on one or both ends of the device. For example,
FIG. 20A illustrates prosthetic heart valve 100 implanted in
the native aortic valve annulus, with an occluder 5000 posi-
tioned between valve 100 and a native valve leaflet. Occluder
5000 may be used to fill irregularities between prosthetic
heart valve 100 and the native valve annulus. Occluder 5000
may be conformableto allow for superior sealing between the
perimeter of prosthetic heart valve 100 and the native valve
annulus while exerting a low radial outward force. For
example, occluder 5000 may be a metallic structure that may
be longitudinally stretched from a relaxed condition to the
stretched condition. In the relaxed condition, occluder 5000
may have a cross-section that is greater in size than it is in the
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stretched condition. Thus, occluder 5000 may be flexible and
capable of contracting in the radial direction when a force is
applied thereto to conform to the shape of the annulus in
which it is implanted. Moreover, the ability of occluder 5000
to longitudinally stretch may enable the occluder 5000 to be
delivered through a small diameter catheter.

[0156] Occluder 5000 may be formed from a tubular sec-
tion of braided fabric comprising a plurality of braided
strands. The strands forming the braid may have a predeter-
mined relative orientation with respect to one another (e.g., a
helical braid). The ends of the strands may be located at a
leading end (relatively far from a user implanting the
occluder) and a trailing end (relatively close to the user), and
may be affixed to one another by any suitable means to pre-
vent unraveling, such as by soldering, brazing, welding, glu-
ing, tying, or clamping. Moreover, occluder 5000 may com-
prise a plurality of layers of braided fabric and/or other
occluding material (e.g., a filler material) such that occluder
5000 is capable of at least partially inhibiting blood flow
therethrough in order to facilitate the formation of thrombus
and epithelialization. The metal forming occluder 5000 may
be a shape-memory material with elastic and/or memory
properties, such as Nitinol, although other materials may be
suitable. Additional details of occluder 5000 and similar
occluders are provided in U.S. Patent Publication No. 2014/
0277426, the disclosure of which is hereby incorporated by
reference herein.

[0157] As shown in FIG. 20A, occluder 5000 is disposed
between prosthetic heart valve 100 and a native aortic valve
leaflet. An anchor 5030 attached to the body of occluder 5000
via a cord, may have one or more sharp ends for piercing
through the native valve leaflet. Once anchor 5030 has passed
through the native valve leaflet, occluder 5000 is effectively
affixed to the native valve leaflet and secured in place between
prosthetic heart valve 100 and the native valve leaflet. In one
variation of this embodiment, anchor 5030 may be configured
to secure occluder 5000 to prosthetic heart valve 100 by being
fastened to select cells of stent 102.

[0158] One or more sensors may be coupled to occluder
5000 so that measurements, such as pressure measurements,
may be taken after prosthetic heart valve 100 and occluder
5000 are implanted. For example, FIG. 20B provides a closer
view of occluder 5000, with anchor 5030 omitted for clarity,
illustrating potential configurations for attaching sensors to
occluder 5000. In particular, outflow MEM sensor 5100 may
be coupled to a first end of occluder 5000. Outflow sensor
5100 may take the form of any of those described above that
may be suitable for attachment to occluder 5000, including,
for example, sensors with apertures to facilitate suturing. In
one example, the end of occluder 5000 facing the aorta may
not have a closed metallic stent structure, but may have a
substantially cylindrical stent structure filled with a filler
material. In that embodiment, sensor 5100 may be attached
directly to the filler material, for example by sutures. How-
ever, if occluder 5000 includes a closed stent structure at the
end facing the aorta, sensor 5100 may be connected, for
example by suturing, directly to the stent structure. In both
cases, outflow sensor 5100 may extend away from the end of
occluder 5000 and toward the aorta, and may be configured to
take measurements within the aorta, for example pressure
readings. Alternatively, outflow MEM sensor 5200 may be
coupled along the length ofthe body of occluder 5000 instead
of at an end. This coupling may be effected by, for example,
suturing outflow sensor 5200 directly to the stent structure of
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occluder 5000 and/or to a fabric provided on or within the
stent structure. If positioned along the body of occluder 5000,
outflow sensor 5200 should be positioned closer to the end of
the occluder facing the aorta. In addition to an outflow sensor
5100 or 5200, an inflow MEM sensor 5300 or 5400 may also
be coupled to occluder 5000. Inflow sensor 5300 may be
attached to occluder 5000 in the same manner as outflow
sensor 5200 and may take a similar form, the difference being
that inflow sensor 5300 is configured to be positioned within
the left ventricle when occluder 5000 is implanted in the
native valve annulus. Similarly, inflow MEM sensor 5400
may be coupled to occluder 5000 in a similar manner as
outflow sensor 5100, and may take a similar or identical form
to outflow sensor 5100, the difference being that inflow sen-
sor 5400 is configured to extend into the left ventricle. Pref-
erably, a single inflow sensor and a single outflow sensor are
used with occluder 5000 to determine the pressure difference,
or other relevant parameters, between the aorta and the left
ventricle during operation of prosthetic heart valve 100. It
should further be understood that although occluder 5000 is
illustrated for use in the native valve annulus of the aortic
valve, the same or similar structures may be used in other
heart valves, or in other locations in the vasculature in which
an occluder, plug, or stent may be used, and may include one
or more sensors as desired to make desired physiological
measurements.

[0159] The sensors described above may have still further
applications, for example with other occluders, for example
those used to treat patent foramen ovale (“PFO”), atrial septal
defect (“ASD”), ventricular septal defect (“VSD”), patent
ductus arteriosus (“PDS”), or to close the left atrial append-
age (“LAA™).

[0160] Closure devices may have various configurations
depending on factors such as the type of abnormality to be
occluded, the location of the target site, the condition of the
patient’s vasculature, and the practitioner’s preferences. For
example, in the depicted embodiment of FIG. 21A, a closure
device 6000 has a first expanded volume portion 6010 and a
second expanded volume portion 6020 that are substantially
perpendicular to a central axis extending along closure device
6000. The first expanded volume portion 6010 may be proxi-
mate a first end of closure device 6000, with the second
expanded volume portion 6020 spaced axially from the first
expanded volume portion 6010 and proximate a second end
of closure device 6000. The first expanded volume portion
6010 may be connected to the second expandable volume
portion 6020 via an axial portion 6030.

[0161] As depicted in FIG. 21A, the first expanded volume
portion 6010 may have the shape of a thin disk, and is
intended to help maintain the closure device 6000 in position
at the target site, as described in greater detail below. The
second expanded volume portion 6020 may, in some cases, be
a generally cylindrical body that is substantially thicker in the
axial direction than first portion 6010 and axially disposed
toward the second end. The second expanded volume portion
6020 may be sized to be somewhat larger in diameter (e.g,,
about 10-30%) than the inside diameter of the vessel, cavity,
or lumen to be occluded to facilitate anchoring of the device
to prevent dislodgement, but not so large as to not fit in the
vessel, cavity or lumen.

[0162] At the same time, the first expanded volume portion
6010 of the closure device 6000 may have a diameter that is
larger than the diameter of the second expanded volume por-
tion 6020. This larger diameter is intended to abut the wall
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surrounding the abnormal aperture to prevent device move-
ment further into the aperture and to assist in sealing the
aperture. For example, the first expanded volume portion
6010 may be oversized so as to overlie the ostium or opening
of the LAA in a position adjacent to, and in flush contact with,
the wall of the atrium. The first expanded volume portion
6010 may also be flexible so as to be capable of conforming
to the curvature of the wall of the atrium in LAA applications
or other vascular structures in other applications. Although
one configuration of the first and second expanded volume
portions 6010, 6020 is described above and shown in the
figures, various other configurations and sizes may be used
depending on the particular application or condition to be
treated. For example, one or both expanded volume portions
6010, 6020 may be thin disks or disks having a convex distal
end, or the device may include a smaller diameter cylindrical
portion between two larger diameter disks. Moreover, the
depthor thickness of the first and/or second expanded volume
portions may depend on the thickness and number of layers
used to make the medical device 6000.

[0163] Thefirst expanded volume portion 6010, the second
expanded volume portion 6020, and the axial portion 6030
may each be formed of'a shape-memory alloy, such as braided
Nitinol, to facilitate collapsing the closure device 6000 for
minimally invasive delivery, and to facilitate expansion to a
pre-set shape upon delivery of the closure device 6000 to the
intended location. A first coupling 6015 may be disposed
adjacent the first expanded volume portion 6010 and may
enable connection of a delivery device or other device to
closure device 6000. For example, first coupling 6015 may
include internal or external threads that mate with corre-
sponding threads of another device. A second coupling 6025,
similar to the first coupling 6015, may be disposed adjacent to
or within the second expanded volume portion 6020. Second
coupling 6025 may also include internal or external threads
for connection to corresponding threads of another device. It
should be understood that other coupling mechanisms, such
as press-fit or snap-fit arrangements, may be utilized in first
and second couplings 6015, 6025. Additional details of clo-
sure device 6000 and similar devices are described in U.S.
Pat. No. 8,758,389, the disclosure of which is hereby incor-
porated by reference herein.

[0164] FIG.21B isaschematic view of closure device 6000
positioned within the LAA of a left atrium. In patients with
certain conditions, such as atrial fibrillation, blood clots may
tend to form in the LAA. Implanting a device such as closure
device 6000 may lead to partial or complete occlusion of the
LAA, thus reducing the risk of thrombi breaking off the LAA
and entering the blood stream.

[0165] FIG. 21C illustrates potential configurations for
coupling sensors to closure device 6000. A first sensor may be
coupled to closure device 6000 so as to be exposed to the left
atrium in which blood is still flowing. A second sensor may
additionally or alternatively be coupled to closure device 600
s0 as to be exposed to the LAA, which is intended to be sealed
off from blood flow by closure device 6000. For example, a
MEM sensor 6100 may take a similar form to sensor 300
described above, but rather than having Nitinol loops, sensor
6100 may include a coupling end 6105 configured to couple
to first expanded volume 6010, for example to coupling 6015.
In that regard, coupling end 6105 may include threads that
mate with corresponding threads in coupling 6015. Thus,
coupling 6015 may serve to couple to both a delivery device
and sensor 6100. In other embodiments, coupling end 6105
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may connect to coupling 6015 using a press fit or other suit-
able connection. Sensor 6100 may be coupled to first
expanded volume portion 6010 after closure device 6000 has
been implanted into the LAA. Asshown in FIG. 21D, with the
configuration described above, sensor 6100, when coupled to
closure device 6000, extends outward from and substantially
along the longitudinal axis of closure device 6000.

[0166] Alternatively, MEM sensor 6300 may be coupled
directly to first expanded volume 6010 such that, when clo-
sure device 6000 is implanted into the LAA, sensor 6300 is
exposed to the left atrium. Sensor 6300 may take the form of
any suitable sensor described above. For example, sensor
6300 may be any of the sensors described above having
apertures to enable sensor 6300 to be coupled directly to the
frame of first expanded volume 6010 using sutures. Although
FIG. 21C shows sensors 6100 and 6300 both coupled to
closure device, in practice, there is preferably only a single
sensor coupled to first expanded volume 6010 such that one
sensor is exposed to the left atrium.

[0167] Inaddition or alternatively to a sensor exposed to the
left atrium, one sensor is preferably coupled to second
expanded volume 6020 so as to be exposed to the occluded
LAA.For example, MEM sensor 6200 may take substantially
the same form as sensor 6100, with coupling end 6205
threaded into second coupling 6025 of second expanded vol-
ume 6020. Sensor 6200 may be coupled to second expanded
volume 6020 prior implantation of the closure device 6000
into the LAA. In another configuration, a MEM sensor 6400,
which may be substantially identical to sensor 6300, may be
coupled to second expanded volume 6020, for example via
suturing or any other suitable attachment means. Again,
although both sensors 6200 and 6400 are illustrated in FIG.
21C, preferably only one sensor is attached to second
expanded volume 6020. FIG. 21D is a schematic illustration
of closure device 6000 implanted in the LAA with sensor
6100 coupled to first expanded volume 6010 and sensor 6200
coupled to second expanded volume 6020. With this configu-
ration, measurements, such as blood flow or pressure mea-
surements, may be taken within the LAA and within the left
atrium to determine, for example, if the LAA has been appro-
priately sealed off by closure device 6000.

[0168] As noted above, there are many applications for
sensors 300 and modified versions of sensor 300 described
above. When utilized on prosthetic heart valves implanted in
the native aortic valve, one such application is the assessment
of the severity of aortic regurgitation. Aortic regurgitation
may negatively affect the prognosis after transcatheter aortic
valve replacement, with increased morbidity and mortality in
patients with more than mild regurgitation. Thus, techniques
may be employed using the sensors described above to quan-
tify the extent of regurgitation, if any.

[0169] One measure of regurgitation in aortic heart valves
is the aortic regurgitation index, which may be defined as the
ratio of the transvalvular gradient between the diastolic blood
pressure (RRdia) in the aorta and the left-ventricular end-
diastolic blood pressure (LVEDP) to the systolic blood pres-
sure (RRsys) 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 regurgitation. The aortic regurgitation index may also
be independently used to predict the associated 1-year mor-
tality risk for a given patient upon collection of data.
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[0170] FIG. 22A illustrates the aortic regurgitation index in
a patient with moderate aortic regurgitation. As seen in the
graph, the patient has an aortic diastolic blood pressure
(RRdia) of 40, a left-ventricular end-diastolic blood pressure
(LVEDP) of 20, and an aortic systolic blood pressure (RRsys)
of 120. Using the formula for the aortic regurgitation index
defined above yields the following:

{RRdia-LVEDP)/RRsysx100=(a-b)/cx100=(40-20)/
120x100=16.7

[0171] For a second patient, the aortic regurgitation index
indicates a trivial amount of aortic regurgitation as shown in
FIG. 22B. For this patient, the aortic diastolic blood pressure
(RRdia) is 50, the left-ventricular end-diastolic blood pres-
sure (LVEDP) is 10 and the aortic systolic blood pressure is
130, yielding an aortic regurgitation index as calculated
below:
{RRdia-LVEDP)/RRsysx100={a'-5"Yc’x100=(50~
10)/130x100=30.8

[0172] When used in conjunction with prosthetic heart
valves, sensors 300 and the variations described above 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 treat-
ment may be advised. Additionally, sensors 300 and varia-
tions thereof described above may be used to decide when to
fully deploy a partially deployed heart valve and the type of
corrective measure necessaty, if any.

[0173] One example of a method using a prosthetic heart
valve having sensors is shown in FIG. 23. In this method, a
preliminary technique, including but not limited to aortogra-
phy, 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 or variations thereof described above may be used to
quantify the amount of aortic regurgitation by making mea-
surements used to calculate an aortic regurgitation index
(ARI), as described above. An aortic regurgitation index
greater than or equal to 25 may indicate that the aortic regur-
gitation is negligible, which may result in no further measure-
ments or corrective measures. 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 echocar-
diography (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 adjust
the position of the valve, valve-in-valve implantation (e.g.,
implanting an additional valve inside an already-implanted
valve), balloon expansion, resheathing and redeploying tech-
niques, deploying a valve of the same or different type, modi-
fied redeployment, or the addition of paravalvular leakage
features, etc. Following the corrective measure, sensors 300
or variations described above may be used to recalculate the
aortic regurgitation index. If the aortic regurgitation index is
greater than or equal to 25, then the corrective measure may
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be considered successful and no further measurements or
measures are taken. If, however, the aortic regurgitation index
remains below 25, then further corrective measures may be
necessary. This loop from corrective measure to aortic regur-
gitation index calculation may continue until satisfactory
positioning and functioning of the prosthetic heart valve are
achieved.

[0174] In the example above, the calculation of the aortic
regurgitation index using sensors 300 or variations thereof
described above is performed after the implantation of the
prosthetic heart valve to ensure proper functioning. Such
pressure measurement may also allow monitoring of overall
cardiac health of the patient, as well as functioning of the
prosthetic device. 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, and for as long
as the device is implanted in the patient. For example, sensors
may be used to aid in the implantation of a therapeutic device.
In one example, sensors may be used to virtually reconstruct
the geometry of the native valve annulus to predict potential
paravalvular leakage of a heart valve with known dimensions.
Such sensors may be used alone or in combination with
balloons, or balloon-expanded, or self-expanding diagnostic
rings, holders, sizers, or stents. For valve-in-valve proce-
dures, sensors on an already implanted valve may be used to
aid in docking a second valve within the implanted valve.
[0175] FIG. 24 is a schematic overview of one embodiment
of the components of a valve diagnostic system 7000 includ-
ing an electronic subassembly 7010 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.

[0176] Some of the components (for example, power
source 7012, antenna 7018, receiver 7002, and processor
7004) of valve diagnostic system 7000 can be positioned on
one or more circuit boards or similar carriers. Any power
source 7012 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 powered energy sources, flexural powered energy
sources, bioenergy power sources, fuel cells, bioelectric cells,
osmotic pressure pumps, and the like.

[0177] Ifthe power source 7012 is a rechargeable battery,
the battery may be recharged using the optional antenna 7018,
if desired. Power can be provided to the battery for recharging
by inductively coupling the battery through the antenna to a
recharging unit 7016 external to the user.

[0178] A processor 7004 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 7008 and performing calculations based on
the various algorithms described above. A memory 7005 may
include data in the form of a dataset for performing various
steps of the algorithm. In some examples, data from the
sensors relating to pressure, forces and the like may be passed
to processor 7004 and compared against a dataset stored in
memory 7005 to determine if further treatment and/or diag-
nosis is necessary. Additionally, data relating to valve diag-
nosis may be sent from programming unit 7008 to processor
7004 and the processor may determine the appropriate course
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of action or send an alert to a clinician. Communication
between programming unit 7008 and processor 7004 may be
accomplished via communication between antenna 7018 and
telemetry unit 7006. Additionally, sensors may be in commu-
nication with one or more wearable devices to enable the user
to continuously monitor or track the functionality of a thera-
peutic device. Such wearable devices may track or log data,
and if necessary, provide the data to a clinician or alert emet-
gency personnel if immediate attention is needed.

[0179] While the operation of the sensor(s) 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 may be used in a single patient and such sensors
may be separate from the prosthetic replacement or repair
device. It will also be noted that while the disclosures herein
are predominantly described in connection with the replace-
ment of a tricuspid valve, the disclosures are equally appli-
cable 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 or occlusion
devices and devices for taking general measurements of the
vasculature for delivery of catheters. 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 communication 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.
[0180] According to one embodiment of the disclosure, a
prosthetic heart valve system comprises:

a prosthetic heart valve including:

astent extending from an outflow portion to an inflow portion
and having an expanded condition and a collapsed condition;
and

a valve assembly mounted to the stent; and

a first sensor configured to measure physiological data, the
first sensor including a body and a plurality of apertures
extending through the body and adapted to receive at least one
suture therethrough for attaching the sensor to the stent; and/
or

asecond sensor configured to measure physiological data, the
second sensor including a body and a plurality of apertures
extending through the body and adapted to receive at least one
suture therethrough for attaching the sensor to the stent; and/
or

the first sensor is attached to the inflow portion of the stent
with a first suture and the second sensor is attached to the
outflow portion of the stent with a second suture; and/or the
plurality of apertures includes four apertures arranged in a
rectangular pattern on one end of the body; and/or

the body of the first sensor includes two lateral projections,
the plurality of apertures including at least one aperture
extending through each of the two projections; and/or

the plurality of apertures includes two apertures extending
through each of the two projections; and/or

the plurality of apertures includes at least two apertures
extending through the body exclusive of the projections; and/
or

the body of the first sensor includes four lateral projections,
the plurality of apertures including at least one aperture
extending through each of the four projections; and/or

the body of the first sensor has opposed longitudinal sides and
opposed ends, the body including a first projection on one of
the ends, a second projection on one of the longitudinal sides
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adjacent the use end and a third projection on another of the
longitudinal sides adjacent the one end, and the plurality of
apertures includes at least one aperture extending through
each of the projections; and/or

the first and second sensors are each configured to measure
blood pressure and each include an induction coil disposed
within the respective body and a capacitor in electrical com-
munication with the inductor coil.

[0181] According to another embodiment of the disclosure,
a prosthetic heart valve system comprises:

a prosthetic heart valve including:

astent extending from an outflow portion to an inflow portion
and having an expanded condition and a collapsed condition;
and

a valve assembly mounted to the stent; and

a sensor configured to measure physiological data, the sensor
including a body, the body having a first side, a second side
opposite the first side, and a pair of fingers extending away
from the body on the first side of the body, the fingers and the
first side of the body defining a channel extending along a
length of the body, the sensor being connectable to the stent;
and/or

each of the fingers has a free edge, and the channel has a
maximum width between the fingers that is greater than a
distance between the free edges; and/or

the first sensor is coupled to a strut of the stent the strut is
positioned at least partially within the channel.

[0182] According to a further embodiment of the disclo-
sure,

a prosthetic heart valve system comprises:

a prosthetic heart valve including:

astent extending from an outflow portion to an inflow portion
and having an expanded condition and a collapsed condition;
and

a valve assembly mounted to the stent;

a sensor configured to measure physiological data, the sensor
including a body; and

a first finger having a first end attached to the body and a free
end, the free end being configured to hook over at least one
strut of the stent to attach the sensor to the stent; and/or

the first finger includes a first portion extending substantially
orthogonal to the body, a second portion extending substan-
tially orthogonally from the first portion, and a third portion
extending from the second portion and substantially parallel
to the first portion, a terminal end of the third portion and the
body forming a gap therebetween; and/or

the first finger is coupled to a face portion of the body; and/or
a second finger having a first end attached to the body and a
free end, the free end of the first finger and the free end of the
second finger forming a gap therebetween.

[0183] According to a still another embodiment of the dis-
closure, a prosthetic heart valve system comprises:

a prosthetic heart valve including:

astent extending from an outflow portion to an inflow portion
and having an expanded condition and a collapsed condition,
the stent being formed of a plurality of struts, a strut aperture
being formed at an intersection of at least two of the struts;
and

a valve assembly mounted to the stent; and

a sensor configured to measure physiological data, the sensor
including a body, the body being configured to be coupled to
the stent,

wherein the body includes a first body section having a first
width, a middle body section having a second width smaller
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than the first width, and a third body section having a third
width greater than the second width and smaller than the first
width; and/or

the strut aperture has an aperture width smaller than the first
width of the first body section and the third width of the third
body section; and/or

the second width of the middle body section is substantially
equal to the aperture width of the strut aperture; and/or

the first and third body sections each include projecting mem-
bers extending laterally beyond the middle body section, and
the at least two struts are configured to be positioned between
the projecting members of the first and third body members
when the sensor is coupled to the strut aperture; and/or

the projecting members of the third body section are deflect-
able.

[0184] According to a still a further embodiment of the
disclosure, a prosthetic heart valve system comprises:

a prosthetic heart valve including:

[0185] a stent extending from an outflow portion to an
inflow portion and having an expanded condition and a col-
lapsed condition, the stent being formed of a plurality of
struts, a strut aperture being formed at an intersection of at
least two of the struts; and

[0186] a valve assembly mounted to the stent; and a sensor
configured to measure physiological data, the sensor includ-
ing a body configured to be coupled to the stent, wherein the
body includes a head having a first width and a shank having
a second width smaller than the first width; and/or

the strut aperture has an aperture width smaller than the first
width of the head; and/or

the aperture width is substantially equal to the second width
of the shank; and/or

apair of fingers extending laterally from the shank at a spaced
distance from the head, each finger extending toward the head
in the absence of externally applied forces; and/or the head
includes a pair of hooked members each curving toward a
corresponding finger; and/or

the at least two struts forming the strut aperture are adapted to
be positioned between one of the fingers and one of the hooks
when the sensor is coupled to the strut aperture.

[0187] According to yet another embodiment of the disclo-
sure, a prosthetic heart valve system comprises:

a prosthetic heart valve including:

[0188] a stent extending from an outflow portion to an
inflow portion and having an expanded condition and a col-
lapsed condition, the stent being formed of a plurality of
struts, a strut aperture being formed at an intersection of at
least two of the struts; and

a valve assembly mounted to the stent; and

a sensor configured to measure physiological data, the sensor
including a body, the body including a connecting member
adapted to couple the sensor to the stent, the connecting
member including a shaft projecting away from the body to a
free end, and a head at the free end of the shaft; and/or

the shaft includes a first shaft member and a second shaft
member spaced apart from the first shaft member by a shaft
gap, each of the first shaft member and the second shaft
member having a free end; and/or

the head includes a firsthead portion on the free end of the first
shaft member and a second head portion on the free end of the
second shaft member, the first head portion being spaced
apart from the second head portion by a head gap; and/or
the first shaft member, the second shaft member and the shaft
gap collectively have a shaft width, and the first head portion,
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the second head portion and the head gap collectively have a
head width that is greater than the shaft width; and/or the head
has a chamfered surface; and/or

the connecting member has a relaxed condition and a com-
pressed condition, the head gap being larger in the relaxed
condition than in the compressed condition; and/or

the head width in the relaxed condition is greater than a width
of the strut aperture and the head width in the compressed
condition is smaller than the width of the strut aperture.
[0189] According to yet a further embodiment of the dis-
closure, a prosthetic heart valve system comprises:

a prosthetic heart valve including:

[0190] a stent extending from an outflow portion to an
inflow portion and including a plurality of stent posts, at least
one stent post defining an aperture; and

[0191] a valve assembly mounted to the stent; and a sensor
configured to measure physiological data, the sensor includ-
ing a body, the body including a plurality of fingers extending
away from the body for connecting the sensor to the stent, at
least two of the fingers extending away from one another in
the absence of applied forces; and/or

the plurality of fingers are spaced apart from one another, the
plurality of fingers being deformable so as to simultaneously
extend through the aperture of the stent post; and/or

each of the plurality of fingers has a first portion extending
from the body and an end portion, the plurality of fingers
being deformable so that in a deformed condition, the end
portions extend substantially parallel to the first portions, and
in arelaxed condition, the end portions extend transversely to
the first portions.

[0192] According to another embodiment of the disclosure,
a sensor system comprises:

a collapsible and expandable sensor frame having an outflow
frame section, an inflow frame section, and a frame coupling
portion connecting the outflow frame section to the inflow
frame section;

a first sensor coupled to the sensor frame, the first sensor
including a body, the first sensor being configured to measure
physiological data; and

a second sensor coupled to the sensor frame, the second
sensor including a body, the second sensor being configured
to measure physiological data,

wherein in an expanded condition the outflow frame section
and inflow frame section each has an arcuate configuration;
and/or the first sensor is coupled to the frame coupling portion
at a position closer to the outflow frame section than to the
inflow frame section and the second sensor is coupled to the
frame coupling portion, at a position closer to the inflow
frame section than to the outflow frame section; and/or

the outflow frame section and the inflow frame section are
each wires formed with a zig-zag pattern; and/or

the outflow frame section and the inflow frame section each
include at least one annular row of cells; and/or

a prosthetic heart valve including:

[0193] a stent extending from an outflow portion to an
inflow portion; and

a valve assembly mounted to the stent;

wherein the frame coupling portion extends through the stent
of the prosthetic heart valve so that the first sensor is posi-
tioned closer to the outflow portion of the prosthetic heart
valve than to the inflow portion and the second sensor is
positioned closer to the inflow portion of the prosthetic heart
valve than to the outflow portion; and/or

a prosthetic heart valve including:

[0194] a stent extending from an outflow portion to an
inflow portion;
[0195] a cuff attached to the stent; and

a valve assembly mounted to the stent;
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wherein the frame coupling portion extends through the cuff
and outside of the valve assembly, the first sensor being
positioned on the outflow portion of the prosthetic heart valve
and the second sensor being positioned on the inflow portion
of the prosthetic heart valve.

[0196] According to a further embodiment of the disclo-
sure,

a prosthetic heart valve system comprises:

a prosthetic heart valve including:

[0197] a support structure extending from an outflow por-
tion to an inflow portion;

[0198] a cuff attached to the inflow portion of the support
structure; and

a valve assembly mounted to the support structure; and

a first sensor including a body, the first sensor configured to
measure physiological data and having a male coupling por-
tion extending from the body, and

a second sensor including a body, the second sensor config-
ured to measure physiological data and having a female cou-
pling, the male coupling portion of the first sensor configured
to mate with the female coupling portion of the second sensor;
and/or

the male coupling portion is configured to threadingly engage
the female coupling portion; and/or

the male coupling portion and the female coupling portion are
configured to press-fit together; and/or

the male coupling portion is coupled to the cuff and to the
female coupling portion.

[0199] According to yet another embodiment of the disclo-
sure a prosthetic heart valve system comprises:

a prosthetic heart valve including:

[0200] a stent extending from an outflow portion to an
inflow portion and having an expanded condition and a col-
lapsed condition, the stent including a plurality of struts
defining at least one annular row of cells, at least one engag-
ing arm, and at least one commissure attachment feature
positioned at a terminal end of the stent, the engaging arm
having a first position and nested within one of the cells and
asecond position projecting outwardly from the one cell; and
[0201] a valve assembly mounted to the stent; and

a first sensor including a body, the first sensor configured to
measure physiological data and being coupled to the engag-
ing arm or to the commissure attachment feature; and/or
the engaging arm and the commissure attachment feature are
both positioned on the outflow portion of the stent; and/or

a second sensor including a body, the second sensor config-
ured to measure physiological data and being coupled to the
inflow portion of the stent.

[0202] According to yet a further embodiment of the dis-
closure a prosthetic heart valve system comprises:

a prosthetic heart valve including:

[0203] a stent extending from an outflow portion to an
inflow portion and having an expanded condition and a col-
lapsed condition; and

[0204] a valve assembly mounted to the stent;

a collapsible and expandable occlusion device configured for
positioning between the prosthetic heart valve and a native
valve annulus in which the prosthetic heart valve is implanted
so that a first end of the occlusion device faces toward the
outflow portion of the stent and a second end of the occlusion
device faces toward the inflow portion of the stent; and

a first sensor configured to be attached to the occlusion
device, the first sensor including a body and being configured
to measure physiological data; and/or
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a second sensor configured to be attached to the occlusion
device, the second sensor including a body and being config-
ured to measure physiological data; and/or

the first sensor is coupled to the first portion of the occlusion
device and the second sensor is coupled to the second portion
of the occlusion device.

[0205] According to still another embodiment of the dis-
closure, a collapsible and expandable occlusion system for
placement within a vasculature of a patient comprises;

a disc-shaped portion coupled to a cylindrical portion by a
connector, the cylindrical portion having a first diameter and
the disc-shaped portion having a second diameter greater than
the first diameter when the occlusion system is in an expanded
condition; and

a first sensor configured to be attached to the cylindrical
portion, the first sensor including a body and being configured
to measure physiological data; and/or

a second sensor configured to be attached to the disc-shaped
portion, the second sensor including a body and being con-
figured to measure physiological data; and/or

the disc-shaped portion includes a threaded coupling member
and the first sensor has a threaded coupling portion config-
ured to threadingly mate to the threaded coupling member of
the disc-shaped portion; and/or

the cylindrical portion includes a threaded coupling member
and the second sensor has a threaded coupling portion con-
figured to threadingly mate to the threaded coupling member
of the cylindrical portion.

[0206] Although the invention 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 invention. 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 invention as defined by the
appended claims. For example, features described in connec-
tion with one embodiment may be combined with features
described in connection with other embodiments.

1. A prosthetic heart valve system comprising:

a prosthetic heart valve including:

a stent extending from an outflow portion to an inflow
portion and having an expanded condition and a col-
lapsed condition; and

a valve assembly mounted to the stent; and

a first sensor configured to measure physiological data, the
first sensor including a body and a plurality of apertures
extending through the body and adapted to receive at
least one suture therethrough for attaching the sensor to
the stent.

2. The prosthetic heart valve system of claim 1, further

comprising:

a second sensor configured to measure physiological data,
the second sensor including a body and a plurality of
apertures extending through the body and adapted to
receive at least one suture therethrough for attaching the
sensor to the stent.

3. The prosthetic heart valve system of claim 2, wherein the
first sensor is attached to the inflow portion of the stent with a
first suture and the second sensor is attached to the outflow
portion of the stent with a second suture.

4. The prosthetic heart valve system of claim 1, wherein the
plurality of apertures includes four apertures arranged in a
rectangular pattern on one end of the body.
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5. The prosthetic heart valve system of claim 1, wherein the
body of the first sensor includes two lateral projections, the
plurality of apertures including at least one aperture extend-
ing through each of the two projections.

6. The prosthetic heart valve system of claim 5, wherein the
plurality of apertures includes two apertures extending
through each of the two projections.

7. The prosthetic heart valve system of claim 5, wherein the
plurality of apertures includes at least two apertures extend-
ing through the body exclusive of the projections.

8. The prosthetic heart valve system of claim 1, wherein the
body of the first sensor includes four lateral projections, the
plurality of apertures including at least one aperture extend-
ing through each of the four projections.

9. The prosthetic heart valve system of claim 1, wherein the
body of the first sensor has opposed longitudinal sides and
opposed ends, the body including a first projection on one of
the ends, a second projection on one of the longitudinal sides
adjacent the use end and a third projection on another of the
longitudinal sides adjacent the one end, and the plurality of
apertures includes at least one aperture extending through
each of the projections.

10. The prosthetic heart valve system of claim 2, wherein
the first and second sensors are each configured to measure
blood pressure and each include an induction coil disposed
within the respective body and a capacitor in electrical com-
munication with the inductor coil.

11. A prosthetic heart valve system comprising:

a prosthetic heart valve including:

a stent extending from an outflow portion to an inflow
portion and having an expanded condition and a col-
lapsed condition; and

a valve assembly mounted to the stent; and

a sensor configured to measure physiological data, the

sensor including a body, the body having a first side, a

second side opposite the first side, and a pair of fingers
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extending away from the body on the first side of the

body, the fingers and the first side of the body defining a

channel extending along a length of the body, the sensor

being connectable to the stent.

12. The prosthetic heart valve system of claim 11, wherein
each of the fingers has a free edge, and the channel has a
maximum width between the fingers that is greater than a
distance between the free edges.

13. The prosthetic heart valve system of claim 11, wherein
the first sensor is coupled to a strut of the stent the strut is
positioned at least partially within the channel.

14. A prosthetic heart valve system comprising:

a prosthetic heart valve including:

a stent extending from an outflow portion to an inflow
portion and having an expanded condition and a col-
lapsed condition; and

a valve assembly mounted to the stent;

a sensor configured to measure physiological data, the

sensor including a body; and

a first finger having a first end attached to the body and a

free end, the free end being configured to hook over at

least one strut of the stent to attach the sensor to the stent.

15. The prosthetic heart valve system of claim 14, wherein
the first finger includes a first portion extending substantially
orthogonal to the body, a second portion extending substan-
tially orthogonally from the first portion, and a third portion
extending from the second portion and substantially parallel
to the first portion, a terminal end of the third portion and the
body forming a gap therebetween.

16. The prosthetic heart valve system of claim 15, wherein
the first finger is coupled to a face portion of the body.

17. The prosthetic heart valve system of claim 14, further
comprising a second finger having a first end attached to the
body and a free end, the free end of the first finger and the free
end of the second finger forming a gap therebetween.
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