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TISSUE SENSING DEVICE FOR SUTURELESS VALVE SELECTION

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] The present application is an International
Application of U.S. Patent Application No. 13/753,099, filed
on January 29, 2013, the disclosure of which is hereby
incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to heart wvalve
replacement and, in particular, to sutureless prosthetic heart
valves. More particularly, the present invention relates to
systems, devices and methods for sizing and for identifying
optimal decalcification levels at an annulus site prior to
positioning of sutureless prosthetic heart wvalves.

[0003] Prosthetic heart valves may generally belong to one
of three categories: surgical valves, transcatheter valves and
sutureless valves. Transcatheter wvalves are typically
collapsible to a relatively small circumferential size and can
be delivered intec a patient less invasively than wvalves that
are not collapsible. A collapsible wvalve may be delivered
into a patient via a tube-like delivery apparatus such as a
catheter, a trocar, a laparoscopic instrument, or the like.
This collapsibility can avoid the need for a more invasive
procedure such as full open-chest, open-heart surgery.

[0004] In contrast to transcatheter valves, surgical
valves and sutureless valves are typically delivered to a
patient via open-heart surgery. Surgical valves are usually
delivered to the site of implant and a portion of the surgical
valve, typically an outer rim, 1is sutured to patient tissue.
Sutureless valves, on the other hand, typically include a
stent to anchor the wvalve in place instead of sutures.
Because sutureless valves do not require lengthy suturing to

patient anatomy, they are generally implanted in less time
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than surgical wvalves, resulting in less time on a bypass
machine and a reduced risk of infection.

[0005] Despite the various improvements that have been
made to the sutureless prosthetic heart wvalve implantation
process, conventional methods of implanting heart valves
suffer from some shortcomings. For example, in conventional
techniques, clinical success of a heart valve is dependent on
accurate deployment, anchoring and acceptable valve
performance. Inaccurate sizing and positioning of the heart
valve decreases performance and increases risks such as heart
valve migration, which may result in severe complications due
to obstruction of the left wventricular outflow tract and may
even result in patient death. Additionally, the extent of
calcification of the implant site may alsc affect performance.
For example, calcification of the aortic valve may affect
anchoring within the native aortic valve annulus such as by
causing ovalization of the implanted wvalve which can lead to
paravalvular leaks. The interaction between the implanted
valve and the calcified tissue is believed to be relevant, in
addition to anchoring the wvalve in place, to preventing valve
migration and leakage.

[0006] Without being bound to any particular theory, it is
believed that improper anchoring of the wvalve may occur due to
a mismatch between the size of the native annulus and the size
of the prosthetic valve (e.g., using a small heart valve size
in a large annulus), lower calcification levels in the native
tissue than actually predicted, or improper positioning of the
valve resulting 1in insufficient expansion of the valve
diameter. Moreover, overestimation of the annulus size may
cause an oversized valve to be implanted, leading to local
complications in the, for example, the aortic root, including
coronary orifice obstruction, aortic dissection and heart

blockage, Additionally, oversized valves may cause extended
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compression and/or stent deformation that affects valve
durability.

[0007] In addition, incorrect sizing of a valve due to
anatomical variations between patients may require removal of
a fully deployed heart valve from the patient 1f it appears
that the wvalve is not functioning properly. Removing a fully
deployed heart valve increases the length of the procedure and
increases the risk of infection and/or damage to heart tissue.
Thus, systems, methods and devices are desirable that would
reduce the likelihood of removal. Systems, methods and
devices are also desirable to reduce negative side effects

caused by improper anchoring.

[0008] Current methods for estimating the size of a
patient's anatomy include imaging techniques such as
transthoracic echocardiograms, trans-esophageal
echocardiograms and angiography. These 1imaging methods are

not standardized and may yield inconsistent results due to the
elliptical shape of the target anatomy. Additionally, none of
these techniques allow for contact forces between the annulus
and stent to be measured and do not account for calcification.
[0009] There, therefore, is a need for further
improvements to the devices, systems, and methods for
positioning and anchoring of ©prosthetic heart wvalves.
Specifically, there is a need for further improvements to the
devices, systems, and methods for accurately measuring the
native annulus dimensions and calcification levels in a
patient. In particular, there is the need to be able to
identify optimal decalcification levels at an annulus site
prior to a valve implant so as to maximize valve durability by
reducing the degree of ovalization and minimize the risk of
migration ensuring safe anchoring of the valve due to the
presence of sufficient calcification. Such accurate
measurement will thus help to reduce the risks associated with

valve migration and improper valve positioning. Among other
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advantages, the present invention may address one or more of
these needs.

BRIEF SUMMARY OF THE INVENTION

[0010] In some embodiments, a sensing device for measuring
a property of tissue for selecting a collapsible prosthetic
heart valve may include an elongated shaft having a proximal
end and a distal end. A body may be coupled to the distal end
cof the shaft, the body being adapted to fit within a native
valve annulus. At least one microelectromechanical sensor may
be attached to the body, the at least one sensor being capable
of measuring a property of tissue adjacent to the native wvalve
annulus.

[0011] In some examples, the body may be comprised of a
hollow cylindrical body having an outer surface and the at
least one microelectromechanical sensor 1is disposed on the
outer surface of the cylindrical body. The at least one
sensor may be capable of obtaining data relating to native
valve annulus diameter. The at least one sensor may be

capable of obtaining data relating to the extent of

calcification of tissue. The at least one sensor may include
at least one capacitor. The at least one sensor may include
piezoelectric material. A plurality of sensors may be
arranged about the body. The plurality of sensors may be

arranged in a matrix of a plurality of rows and columns which
are evenly spaced apart both circumferentially and
longitudinally about the body. The plurality of sensors may
be arranged in a matrix of a plurality of rows and columns
which are unevenly spaced apart both circumferentially and
longitudinally about the body. The shaft may be radially
offset from a central axis of the body.:

[0012] Inh some embodiments, a method for measuring a
property of tissue for selecting a collapsible prosthetic
heart valve may include introducing a device to the native

annulus. The device may include (i) a body adapted to fit
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within a native valve annulus and having a first diameter and
(1i1) at least one microelectromechanical sensor attached to
the body capable of measuring a property of tissue. Data
related to a property of tissue adjacent the native annulus
responsive to the at least one microelectromechanical senor
may be obtained.

[0013] In some examples, the data may relate to an annulus
diameter. The data may relate to an extent of calcification.
The obtalined data may be a measurement of a contact force
between the tissue and the at least one microelectromechanical
sensor. The at least one sensor may include a plurality of
sensors arranged about the body, the plurality c¢f sensors
being configured to measure elasticity of the tissue.

[0014] In some examples, the method may further include
the step of comparing the obtained data to a dataset that
includes a relationship between elasticity and blood pressure.
The method may further include comparing the obtained data to
a dataset that includes a relationship between wvalve diameter
and blood pressure. The device may then be removed from the
native annulus.

[0015] In some embodiments, a system of measuring a
property of tissue for selecting a collapsible prosthetic
heart valve may include a device having (i) a body adapted to
fit within a native wvalve annulus, and (ii) at least one
microelectromechanical sensor attached to the body, the at
least one senscr being capable of measuring a property of
tissue adjacent to the native wvalve annulus, a memory for
storing a predefined dataset, and a processor for using the
predefined dataset and information received from the at least
one sensor for determining a property of the tissue.

[0016] In some examples, the predefined dataset may
include relationships Dbetween Dblood pressure and desired

calcification for a given valve size. The predefined dataset
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may include relationships between blood pressure and desired
contact forces for a given valve size.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Various embodiments of the present invention will
now be described with reference to the appended drawings. It
is appreciated that these drawings depict only some
embodiments of the invention and are therefore not to be
considered limiting of its scope.

[0018] FIG. 1 is a perspective view of a conventional
sutureless prosthetic heart wvalve;

[0019] FIG. 2A is a perspective view illustrating the
sutureless heart wvalve of FIG. 1 having poor fitment in a
native valve annulus;

[0020] FIG. 2B is a perspective view illustrating the
sutureless heart wvalve of FIG. 1 that has migrated from its
implantation position in the native valve annulus;

[0021] FIG. 3 is a perspective view of a tissue sensing
device according to one embodiment of the present invention;
[0022] FIG. 4A is a schematic wview 1llustrating the
principles of operation of a single microelectromechanical
sensor;

[0023] FIG. 4B is a schematic wview 1llustrating the
principles of operation of multiple sensors;

[0024] FIG. 5A is a top plan view of a
microelectromechanical sensor array in accordance with an
embodiment of the present invention;

[0025] FIG. 5B is a close-up of a sensor structure of
FIG. 5A with separated layers in accordance with an embodiment
of the present invention;

[0026] FIG. 6A 1is a schematic view 1llustrating the
principles of operation of a microelectromechanical sensor;
[0027] FIGS. 6B and 6C are schematic views illustrating a

microelectromechanical sensor formed of a capacitative pair;



WO 2014/120508 PCT/US2014/012240

[0028] FIG. 7A is a perspective view of a several examples
of the tissue sensing devices in accordance with one
embodiment of the present invention;

[0029] FIG. 7B illustrates an adjustable tissue sensing
device in accordance with another embodiment of the present
invention;

[{0030] FIG. 7C illustrates an adjustable tissue sensing
device having accordion portions accordance with another
embodiment of the present invention;

[0031] FIG. 8 is an enlarged view of the tissue sensing
device of FIG. 3 disposed within the anatomy; and

[0032] FIG. 9 is a schematic representation of a system
for sutureless valve selection.

DETAILED DESCRIPTION

[0033] As used herein, the term "proximal," when used in
connection with a prosthetic heart valve, refers to the
portion or end of the heart valve closest to the heart when
the heart wvalve is implanted in a patient, whereas the term
"distal," when used in connection with a prosthetic heart
valve, refers to the portion or end of the heart valve
farthest from the heart when the heart valve is implanted in a
patient. When used in connection with devices for delivering
or sizing a prosthetic heart valve into a patient, the terms
"proximal"” and "distal" are to be taken as relative to the
user of the devices. "Proximal" is to be understood as
relatively close to the user, and "distal” is to be understood
as relatively farther away from the user.

[0034] In describing the preferred embodiments of the
invention illustrated in the drawings, specific terminology
will be used for the sake of clarity. However, the invention
is not intended to be limited to the specific terms so used,
and it is to be understood that each specific term includes
all equivalents that operate in a similar manner to accomplish

a similar purpose.
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[0035] FIG. 1 shows a conventional sutureless heart
valve 100. The prosthetic heart valve 100 1is designed to
replace the function of a native aortic valve of a patient.
Although the invention is described herein as applied to a
prosthetic heart valve for replacing a native aortic valve,
the invention is not so limited, and may be applied to other
prosthetic valves, such as for example, other <cardiac
applications.

[0036] The sutureless prosthetic heart wvalve 100 includes
a stent or frame 102, which may be wholly or partly formed of
any biocompatible material, such as metals, synthetic
polymers, or biopolymers capable of functioning as a stent.
Suitable biopolymers include, but are not limited to, elastin,
and mixtures or composites thereof. Suitable metals include,
but are not limited to, cobalt, titanium, nickel, chromium,
stainless steel, and alloys thereof, including nitinol.
Suitable synthetic polymers for use as a stent include, but
are not limited to, thermoplastics, such as polyolefins,
polyesters, polyamides, polysulfones, acrylics,
polyacrylonitriles, polyetheretherketone (PEEK) , and
polyaramides. The stent 102 may have an annulus section 110
and an aortic section 120. The annulus section 110 and the
aortic section 120 of stent 102 may include a plurality of
cells 112 connected to one another around the stent. The
annulus section 110 and the aortic section 120 of the
stent 102 may include one or more annular rows of cells 112
connected to one another. For instance, the annulus
section 110 may have two annular rows of cells 112.
Regardless of its shape, each cell 112 is formed by a
plurality of struts 114.

[0037] The stent 102 may include commissure points 116
disposed on or near certain struts 114. The commissure
points 116 may include eyelets for facilitating the suturing

of a valve assembly 104 to the sent 102.
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[0038] The sutureless prosthetic heart wvalve 100 also
includes a valve assembly 104 attached inside the annulus
section 110 of the stent 102. The valve assembly 104 may be
wholly or partly formed of any suitable biological material or
polymer. Examples of biclogical materials suitable for the
valve assembly 104 include, but are not limited to, porcine or
bovine pericardial tissue. Examples of polymers suitable for
the valve assembly 104 include, but are not limited to,
polyurethane and polyester.

[0039] The valve assembly 104 may include a cuff 106
disposed on the lumenal surface of annulus section 110, on the
ablumenal surface of annulus section 110, or on both surfaces,
and the cuff may cover all or part of either or both of the
lumenal and ablumenal surfaces of the annulus section. FIG. 1
shows cuff 106 disposed on the lumenal surface of annulus
section 110 so as to cover part of the annulus section while
leaving another part thereof uncovered. The valve
assembly 104 may further include a plurality of leaflets 108
which collectively function as a one-way valve. A first
edge 122 of each leaflet 108 may be attached to the cuff 106
or the stent 102 by any suitable attachment means, such as
suturing, stapling, adhesives or the like. For example, the
first edge 122 of each leaflet 108 may be attached to the
cuff 106, and the cuff may 1in turn be attached to the
stent 102. Alternatively, the first edge 122 of each
leaflet 108 may be sutured to the stent 102 by passing strings
or sutures through the cuff 106 of the wvalve assembly 104. A
second or free edge 124 of each leaflet 108 may coapt with the
corresponding free edges of the other leaflets, thereby
enabling the leaflets to function collectively as a one-way
valve.

[0040] In operation, the embodiment of the sutureless
prosthetic heart valve described above may be used to replace

a native heart wvalve, such as the aortic valve. The
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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 on the end of a delivery device and
delivered during open-heart surgery. Once the delivery device
has reached the target site, the wuser may deploy the
sutureless heart valve. Upon deployment, the sutureless heart
valve expands, preferably into secure engagement within the
native aortic annulus. The delivery device may then be
retracted out of the chest cavity and the chest incision
closed. When the prosthetic heart valve 1is properly
positioned inside the heart, 1t works as a one-way valve,
allowing blood to flow in one direction and preventing blood
from flowing in the opposite direction.

[0041] Problems may be encountered when implanting the
sutureless prosthetic heart wvalve. For example, 1n certain
procedures, heart valves may be implanted in a native valve
annulus without first resecting the native valve leaflets.
The wvalves may have critical clinical issues because of the
nature of the stenotic leaflets that are left in place.
Additionally, patients with wuneven calcification, bi-cuspid
aortic valve diseasé, and/or valve insufficiency may not be
treated well, if at all, with current valve designs.

[0042] Additienally, the reliance on unevenly calcified
leaflets for proper valve placement and seating could lead to
several problems, such as: (1) paravalvular leakage (i.e.,
leakage Dbetween the prosthetic implant and the native
anatomy), (2) valve migration, (3) mitral wvalve impingement,
(4) conduction system disruption, (5) coronary blockage, etc.,
all of which can have severely adverse clinical outcomes. To
reduce these adverse events, a wvalve should seal and anchor
adequately without the need for excessive radial force,
protrusion into the left ventricular outflow tract (LVOT),

etc., that could harm nearby anatomy and physioclogy.
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[0043] FIG. 2A is a schematic illustrating a sutureless
heart wvalve 200 having poor fitment within native valve
annulus 290. Specifically, the annulus section 210 of the
stent 202 1is distorted near deformed portion 295. Improper
fitment of the sutureless heart valve 200 may lead to any of
the problems discussed above. In addition, as the stent 202
of collapsible prosthetic heart wvalve 200 distorts during
implantation, during beating of the heart, or because of
irregularities in the patient's anatomy or the condition of
the native wvalve, such distortion may be translated to the
valve assembly, such that not all of the valve leaflets 208
meet to form effective coaptation junctions. This can result
in leakage or regurgitation and other inefficiencies which can
reduce cardiac performance. Moreover, 1f the prosthetic
valve 200 is not placed optimally and the valve leaflets 208
are not coapting as intended, other long term effects, such as
uneven wear of the individual leaflets 208, can be postulated.
Such improper fitment may be due to poor positioning,
disregard for calcification or use of the wrong valve size.
[0044] Poor positioning, disregard for calcification or
the use of the wrong valve size may also cause heart valve
migration; As seen in FIG. 2B, prosthetic heart wvalve 200 has
partially translated into the ventricle from its intended
location at native wvalve annulus 290, a condition that may
lead to a host of problems as discussed above. Even a small
shift in position as indicated by arrows "A" may cause
inadequate sealing and improper valve function. Migration may
also result in inadequate coaptation leading to regurgitation
of blood passing through the valve.

[0045] In order to avoid these problems, a tissue sensing
device may be wused to accurately determine the annulus
diameter and the calcification levels (e.qg., tissue
elasticity) in the aortic wvalve. The tissue sensing device

may be deployed first within the native valve sinus (e.g., an
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aortic root) to determine the size, shape and condition of the
sinus. After obtaining sufficient measurements, the tissue
sensing device may be removed from the native valve sinus and
the native valve sinus decalcified as desired. A suitable
prosthetic heart wvalve may then be chosen based on the
obtained measurements. The selected prosthetic heart valve
may then be implanted with a reduced risk of deformation
and/or migration, as well as ovalization which could lead to
paravalvular leaks.

[0046] FIG. 3 illustrates a tissue sensing device 300
according tc one embodiment of the present invention. The
tissue sensing device 300 has a proximal end 310 and a distal
end 320 and may include an elongated shaft 302 disposed near
the distal end 320. Elongated shaft 302 may be formed of a
metal such as nitinol, stainless steel or any other malleable
material capable of being bent by the user to facilitate
access to the sizing site. Shaft 302 may be coupled to a
sensing body 315 as shown in FIG. 3. The sensing body 315 in
accordance with one embodiment of the present invention 1is
constructed from a hollow cylindrical body having a through
opening 316 to allow for visualization through the sizer
during use of the sensing body. The surrounding wall 317 of
the sensing body has a generally planar outer peripheral
surface. The shaft 302 may be fixedly or removably attached
to the sensing body 315 by means of a connector 318. As
shown, the 1longitudinal axis of the shaft 302 is arranged
spaced from and generally parallel to the longitudinal center
axis of the cylindrical body forming sensing body 315. In
another embodiment (not shown), the longitudinal axis of the
shaft 302 may be aligned with the center longitudinal axis of
the cylindrical body forming the sensing body 315. In this
regard, a plurality of spokes (not shown) would be provided
within the opening 316 formed by the sensing body 315 to
support the connector 318 for attachment to the shaft 302,

-12-
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[0047] Sensing body 315 may be formed of a rigid material
such as polysulfone or polyphenylsufone or other suitable
materials, such as, for example, polycarbonate, polyetherimide
or polyamides. Although the sensing body 315 is illustrated
as being cylindrical, it will be understood that different
shapes for sensing body 315 may be possible such as, for
example, spheroid or a prism.

[0048] A plurality of sensors 350 may be coupled to the
periphery of sensing body 315 at various points and in various
patterns on the wall 317 of the sensing body so that they are
capable of contacting body tissue. Sensors 350 may be coupled
to sensing body 315 by being embedded around the periphery of
sensing body 315 or coupled using a bicadhesive or any other
suitable methed. It will be understood that more than one
sensor 350 may be coupled to sensing body 315 as seen in the
illustrated embodiments. For example, two or three
sensors 350 may be evenly disposed about the outer
circumference of sensing body 315. The sensors 350 may be
also be disposed in two or more rows about the circumference
of sensing body 315 as seen in FIG. 3. In the preferred
embodiment, the sensors 350 are arranged in a matrix of a
plurality of rows and c¢olumns which may be evenly spaced
apart, or unevenly spaced apart, both circumferentially and
longitudinally about the sensing body 315. For example, the
sensing body 315 may include a matrix of two rows and twelve
columns of sensors 350, or more or less rows and/or columns
depending on the size of the sensing body as used for a
particular patient. In at least some examples, sensors 350
may be individually identified so that measurements obtained
by the sensors 350 may be mapped to their location.

[0049] In one embodiment, sensors 350 may include
pliezoelectric Sensors, optical sensors, electromagnetic
sensors, capacitive sensors and the like positioned around the

periphery of sensing body 315 to measure a force applied to
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the sensor by the native valve annulus. By way of example, a

FLEXIFORCE® sensor made by TEKSCAN® may be used to measure

force.

[0050] By inserting the sensing body 315 within a native
valve annulus, the radial force against the sensors may be
measured. FIG. 4A illustrates use of a force sensor according
to this embodiment. Though FIG. 4A illustrates a sensor

having a spring, this example 1s merely illustrative and it
will be understood that the sensor may be any of those
described above as well as other sensors known in the art. A
sensor 350 may include a contacting member 502, a spring 504
and a base layer 506. Spring 504 may be connected to bcth the
contacting member 502 and the base layer 506 and disposed
between the two. The sensor 350 may be positioned near target
tissue 500 and, as can be appreciated from FIG. 4A, brought in
contact with tissue 500, with contacting member 502 abutting
the tissue: As the sensor 350 is gradually advanced,
spring 504 begins to compress. Knowing the spring constant kl
of spring 504, the force against contacting member 502 may be
measured.

[0051] This measured radial force may be compared against
valves in a lookup table or database that provides adequate
radial force for valves of varying diameter. These values may
be obtained by in vitro testing. In at least some examples,
the table or database may also include information relating to
blood pressure to adjust for variations in bklood pressure.
Specifically, patients with higher blood pressure (e.g.,
200mm Hg) may suggest the need for greater radial forces for
adequate anchoring while patients with lower blocod pressure
(e.g., 100mm Hg or less) may call for lower radial forces. By
way of illustration, a measurement between about 0.50 N and
about 2.00 N may suggest that the proper size for a valve has
been identified. If the measurement i1s below 0.50 N, then a

larger sensing body should be used. If the measurement 1is

-14-
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above 2.00 N, then a smaller sensing body should be used.
Thus, this process may be repeated until the correct valve
size is determined.

[0052] In a second embodiment, multiple sensors may be
located nedar one another to acgquire information relating to
elasticity of the surrounding tissue. FIG. 4B shows the
concept of using a sensor 350 to measure calcification of
tissue by measuring the tissue elasticity. A sensor 350 may
include a contacting member 502, a spring 504 and a base
layer 506. A second sensor 350 may include a contacting
member 502', a spring 504' and a base layer 506" Each
spring 504,504' may be connected to its respective contacting
member 502,502' and base layer 506,506' and disposed between
the two. Moreover, sensors 350,350' may be positioned near
target tissue 500 and, as can be appreciated from FIG. 4B,
brought in contact with tigssue 500, with contacting
members 502,502' abutting the tissue. As the sensors 350,350'
are gradually advanced, springs 504 and 504' begin to

compress.
[0053] Springs 504 and 504' may have different spring
constants. As shown in FIG. 4B, spring 504 has a spring

constant of k1l and spring 504' has a spring constant of k;.
Additionally, the stiffness of tissue 500 may be represented
by a spring having a spring constant kg;. By pushing contacting
members 502,502' against tissue 500, the springs 504 and 504'
will have different amounts of deflection based on the
different spring constants. Specifically, spring 504' having
a lower spring constant will suffer a greater deflection
compared to its counterpart as shown in the figure on the
right. The relative deflection of the springs may then be
used to calculate the tissue stiffness represented by k;. This
may then be used to analyze the extent of calcification of the
tissue and, to decalcify the tissue to a suitable level and to

choose the appropriate prosthetic heart valve for implanting
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in the patient. Thus, by examining the force exerted on
springs 504 and 504' and the displacement of both springs, the
stiffness of tissue 500 may be determined. The stiffness of
the tissue may then be used to select the appropriate valve or
appropriate level of calcification needed as will be described
in greater detail with reference to the algorithms and methods
below.

[0054] In a third embodiment, microelectromechanical
sensors may be used to measure the extent of calcification of
a tissue. Details of these sensors will be fully discussed
with reference to FIGS. 5A, 5B and 6A-C. In this embodiment,
sensor 350 may be a microelectromechanical sensor and may
include, but is not limited to, sensors capable of measuring
capacitance, piezoelectricity or any other suitable parameter.
Sensor 350 may also include a flexible tactile
microelectromechanical sensor. One example of such sensor is
known in the art and described in "Flexible Tactile Sensor For
Tissue Elasticity Measurements," Journal of
Microelectromechanical Systems, Vol.19, No.6, December 2009,
the contents of which are hereby incorporated in its entirety
as if fully recited herein.

[0055] FIGS. 5A and 5B illustrate one possible
configuration of a suitable microelectromechanical sensor 350.
Sensor 350 may be flexible and deformable in order to collect
information about size, shape and calcification of the native
aortic valve.In that regard, sensor 350 may be fashioned from
fabric or flexible polymer layers such as polydimethylsiloxane
(PDMS) or a polyimide having capacitors.

[0056] In one example, PDMS may be chosen as the
structural material due to its advantageous properties such as
flexibility, ductility, and biocompatibility. The bioclogical
and medical compatibility of tlie material has been well
documented. Moreover, PDMS devices can be readily sterilized

for medical applications. In addition, PDMS is mechanically
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much softer than other polymer materials commonly utilized in
microfabrication.

[0057] FIG. 5A illustrates a PDMS sensor array consisting
of 5 x 5 capacitors 360, the operation of which will be
described in greater detail with reference to FIGS. ©B and 6C.
In order to minimize the wiring interfaces, the top and bottom
electrodes may be oriented in orthogonal directions.

[0058] As seen in FIG. 5A, the intersection of wires forms
each capacitor 360. A close-up of the sensor structure with
separated layers is shown in FIG. 5B. Embedded electrodes are
built on a top PDMS layer 412 and a bottom PDMS layer 414. A
spacer layer 416 1is sandwiched between the electrodes and
defines air gaps 556. An insulation layer 418 may also be
used to prevent the shorting of electrodes which could be the
consequence when large deflection of sensing diaphragms
occurs. Finally, a bump layer 420 is utilized to transfer
contact forces through the air gap to be measured by
capacitive change.

[0059] In order to illustrate the principle of operation
of the invention, FIG. 6A shows the concept of using a
sensor 350 to measure calcification of tissue by measuring the
tissue elasticity. A sensor 350 may include a contacting
member 502, a pair of springs 504 and 504' and a base
layer 506. Springs 504 and 504' may be connected to both the
contacting member 502 and the base layer 506 and disposed
between the two. The sensor 350 may be positioned near target
tissue 500 and, as can be appreciated from FIG. 6A, brought in
contact with tissue 500, with contacting member 502 abutting
the tissue. As the sensor 350 is gradually advanced,
springs 504 and 504' begin to compress.

[0060] Springs 504 and 504' may have different spring
constants. As shown in FIG. 6A, spring 504 has a spring
constant of kh and spring 504' has a spring constant of ks.

Additionally, the stiffness of tissue 500 may be represented
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by a spring having a spring constant k. By pushing contacting
member 502 against tissue 500, the springs 504 and 504" will
have different amounts of deflection based on the different
spring constants. Specifically, spring 504' having a lower
spring constant will suffer a greater deflection compared to
its counterpart as shown in the figure on the right. The
relative deflection of the springs may then be used to
calculate the tissue stiffness represented by ksg. This may
then be used to analyze the extent of calcification of the
tissue and, to decalcify the tissue to a suitable level and to
choose the appropriate prosthetic heart valve for implanting
in the patient. Thus, by examining the force exerted on
springs 504 and 504' and the displacement of both springs, the
stiffness of tissue 500 may be determined.

[0061] In one embodiment of implementing this concept, a
capacitor pair for the sensors 350 may be used, as shown in
FIGS. 6B and 6C. As shown in these figures, capacitor 550
includes a first top electrode 552, a first bottom
electrode 554 and a first air gap 556 to form a first
capacitor. A second capacitor 1is formed of a second top
electrode 552', a second bottom electrode 554' and a second
air gap 556' disposed between the second top electrode and the
second bottom electrode. As seen in FIG. 6B, air gaps 556
and 556" are formed of varying areas analogous to the
different springs discussed above with reference to FIG. 6A.
When the sensor is contacted by tissue 500 as seen in FIG. 6B,
relative deflection may be precisely measured by the
capacitive change of each element as shown in FIG. 6C. The
ratio of deflection (based on the capacitive change of each
capacitor) may then be compared against valves in tables or
graphs of known relationships between deflection change ratios
and material stiffness. This information can then be further

processed to classify the degree of calcification.
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[0062] As seen 1n FIG. 7A, sensing devices 300 may be
formed with sensing bodies 315 having different diameters for
accurately obtaining measurements relating to the annulus
diameter and/or calcification using sensors 350. For
examples, sensing bodies 315 may be formed in sizes ranging
from 17.0 mm to 31.0 mm. The difference Dbetween each
sequential sensing body may be about 2.00 mm. For example,
sensing device 300 may include a plurality of sensing
bodies 315 having diameters of 17.0, 19.0, 21.0, and 23.0 mm
or sensing devices that correspond to some of the most popular
sizes for aortic valves such as 19.0, 21.0, 23.0 and 25.0 mm.
[0063] In another example, instead of multiple sensing
device 300, an adjustable sensing device may be utilized. As
seen in FIG. 7B, adjustable sensing device 600 may include a
plurality of sensors 350 may be disposed on a sensing body 610
formed of a series of body segments 615. Each segment 615 may
form a portion of a cylindrical body and be coupled to a
shaft 302 wvia a spoke 620. FEach of spokes 620 may be
connected to a central hub 630 which extends in a longitudinal
direction and is disposed at the center of segments 615
Space may be disposed within each body segment 615 so that the
diameter of sensing device 300 may be adjusted. Radial
expansion and <contraction of sensing device 300 may Dbe
accomplished by manipulation of spokes 620 using a device as
described in U.S. Patent Application No. 2008/0306586, the
contents of which are incorporated herein in its entirety as
if fully set herein. In an alternative embodiment, shown in
FIG. 7C, instead of discontinuous body segments, sensing
body 610 may include a substantially cylindrical body and any
number of accordion portions 640. Accordion portions 640 may
allow radial adjustment of sensing body 610.

[0064] FIG. 8 illustrates a sensing device 300 having a
plurality of sensors 350 disposed on a hollow cylindrical

sensing body 315 that is adapted to measure contact forces R
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exerted by the wall of native wvalve annulus 290 against
sensing body 315. Contact forces R may cause corresponding
deformation in sensors 350 and relay information relating to
annulus diameter and/or calcification. In examples where the
leaflets have not been resected, sensing body 315 may be
capable of measuring contact forces exerted by the native

valve leaflets on sensing body 315.

[0065] The following will describe the use of sensing
device 300 for sizing, positioning and selecting an
appropriate prosthetic heart valve. As an initial step, after

opening the chest cavity, but prior to insertion of the
prosthetic heart valve, the physician may select a sensing
device 300 having a first diameter. The initial sensing
device may, for example, be a sensing device 300 having a
sensing body 315 of outer diameter of 21.0 mm. Using
shaft 302, the physician may advance the sensing device 300 to
the annulus so that the sensing body 315 is at the desired
site for valve replacement. For example, for aortic wvalve
replacement, the sensing device 300 may be inserted into the
site of the native aortic valve.

[0066] Once sensing device 300 has reached the desired
site of measurement, sensors 350 may gather information
relating to capacitance and the change of capacitance at each
capacitor. After sufficient data has Dbeen collected, the
deflection of each capacitor can be determined. The ratic of
the relative deflection of each capacitor i1s correlated to
Young's modulus of the contact tissue and may provide
information related to tissue stiffness.

[0067] Information related to tissue stiffness may be
useful in determining properly implanting and anchoring the
valve. Too little calcification may lead to valve migration
as shown in FIG. 2B while too much calcification may lead to
ovalization shown in FIG. 2A. Thus, the measured tissue

stiffness may be compared to valves in a lookup table, which
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provides information relating to valve size (e.g., outer
diameter), preferred elasticity range and blood pressure. In
one example, a computer may include these and similar data in
a memory and may include a processor that performs an
algorithm to automatically determine tissue stiffness based on
relative capacitive change (and thus relative deflection).
Moreover, knowing the tissue stiffness, the algorithm may
determine the extent of calcification and if present, whether
the amount of calcification is suitable for proper valve
performance of a given valve. The algorithm may further
provide information or prompts to further decalcify the native
valve annulus if too much calcification is present.
Additionally, an algorithm may indicate the risk of wvalve
migration and paravalvular leak based on the tissue stiffness
and annulus diameter, either through a computer of a handheld
mobile device. Furthermore, the algorithm may prompt the user
to input the patient's blood pressure and use this information
to determine the suitability of the calcification in the
native valve annulus.

[0068] The sensing device 300 may thus be removed from the
patient's body and the collected data used to select the
appropriate prosthetic valve size and the prosthetic valve may
be deployed and anchored at the selected site using any manner
known in the art.

[0069] If it appears that the selected sensing device 300
did not collect sufficient data within the annulus because its
diameter was too small, a sensing device 300 having a larger
diameter may be selected and inserted for gathering data. If,
however, the measurements indicate that the sensing body
diameter is too large (e.g., measured deflection or force is
too high) or that the sensing body 315 is being inserted into
the annulus with difficulty, a smaller sensing body 315 may be
selected. Once the proper sensing body 315 has been found,

the physician may then select a prosthetic heart wvalve or
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device corresponding to this sensing device 300 and implant it
within the patient.

[0070] Sensing device 300 may be included as one component
in a system for sizing. FIG. 9 is a schematic overview of one
embodiment of components of valve sizing system 900 including
an electronic subassembly 910 disposed within a control
module. It will be understood that the valve sizing system
can include more, fewer, or different components and can have
a variety of different configurations including those
configurations disclosed in the stimulator references cited
herein.

[0071] Some of the components (for example, power source
912, antenna 918, receiver 902, and processor 904) of the
valve sizing system can be positioned on one or more circuit
boards or similar carriers. Any power source 912 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 Dbatteries,
mechanical resonators, infrared collectors, thermally-powered
energy sources, flexural powered energy sources, bioenergy
power sources, fuel cells, bicelectric cells, osmotic pressure
pumps, and the like.

[0072] If the power source 912 is a rechargeable battery,
the battery may be recharged using the optional antenna 918,
if desired. Power can Dbe provided to the Dbattery for
recharging by inductively coupling the battery through the
antenna to a recharging unit 916 external to the user.

[0073] A processor 904 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
programming unit 908 and for performing calculations based on

the wvarious algorithms described above. A memory 905 may

- 2 2“



WO 2014/120508 PCT/US2014/012240

include data in the form of a dataset for performing various
steps of the algorithm. For example, 1in some examples, data
from sensors 350 relating to elasticity and data from a
programming unit 908 relating to blood pressure may be passed
to processor 904 and compared against a dataset stored in
memory 905 to determine the appropriate valve size.
Additionally, data relating to valve size may be sent from
programming unit 908 to processor 904 and the processor may
determine the appropriate level of calcification.

[0074] While the operation of the sensing device 300 has
been described, it will be understood that other embodiments
described below may be implemented in a similar manner. It
will be understoocd that combinations of these embodiments may
be possible. For example, a sensing body 315 may include any
number of sensors and may be separable from shaft 302. It
will also be noted that while the inventions herein are
predominately described in connection with the replacement of
a tricuspid wvalve, the inventions are equally applicable to
the replacement of other valves, including a bicuspid valve,
such as the mitral valve as well as other implantable medical
devices such as annuloplasty rings and for general
measurements of vasculature for delivery of catheters.

[0075] Moreover, although the invention herein has been
described with reference to particular embodiments, it is to
be understood 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.

[0076] It will be appreciated that the various dependent
claims and the features set forth therein can be combined in

different ways than presented in the initial claims: It will
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also be appreciated that the features described in connection
with individual embodiments may be shared with others of the

described embodiments.
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CLAIMS

1. A sensing device for measuring a property of tissue
for selecting a collapsible prosthetic heart valve, the
sensing device comprising:

an elongated shaft having a proximal end and a distal
end;

a body coupled to the distal end of the shaft, the body
being adapted to fit within a native valve annulus; and

at least one microelectromechanical sensor attached to
the body, the at least one sensor being capable of measuring a

property of tissue adjacent to the native valve annulus.

2. The device of claim 1, wherein the body is comprised
of a hollow cylindrical body having an outer surface and the
at least one microelectromechanical sensor is disposed on the

outer surface of the cylindrical body.

3. The device of c¢laim 1, wherein the at least one
sensor is capable of obtaining data relating to native valve

annulus diameter.
4. The device of c¢laim 1, wherein the at least one
sensor is capable of obtaining data relating to the extent of

calcification of tissue.

5. The device of c¢laim 1, wherein the at 1least one

sensor comprises at least one capacitor.

6. The device> of claim 1, wherein the at least one

sensor includes plezoelectric material.

7. The device of claim 1, further comprising a

plurality of sensors arranged about the body.
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8. The device of claim 7, wherein the plurality of
sensors are arranged in a matrix of a plurality of rows and
columns which are evenly spaced apart both circumferentially

and longitudinally about the body.

9. The device of claim 7, wherein the plurality of
sensors are arranged in a matrix of a plurality of rows and
columns which are unevenly spaced apart both circumferentially

and longitudinally about the body.

10. The device of claim 1, wherein the shaft is radially

offset from a central axis of the body.

11. A method for measuring a property of tissue for
selecting a collapsible prosthetic heart valve, comprising:
introducing a device to the native annulus, the device
comprising (i) a body adapted to fit within a native valve
annulus and having a first diameter and (ii) at least one
microelectromechanical sensor attached to the body capable of
measuring a property of tissue;

obtaining data related to a property of tissue adjacent
the native annulus responsive to the at least one

microelectromechanical senor.

12. The method of claim 11, wherein the data relates to

an annulus diameter.

13. The method of claim 11, wherein the data relates to

an extent of calcification.
14. The method of claim 11, wherein the obtained data is

measurement of a contact force between the tissue and the at

at least one microelectromechanical sensor.
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15. The method of c¢laim 11, wherein the at least one
sensor comprises a plurality of sensors arranged about the
body, the plurality of sensors being configured to measure

elasticity of the tissue.

16. The method cof claim 11, further comprising comparing
the obtained data to a dataset that includes a relationship

between elasticity and blood pressure.

17. The method of claim 11, further comprising comparing
the obtained data to a dataset that includes a relationship

between valve diameter and blood pressure.

18. The method of claim 11, further comprising removing

the device from the native annulus,.

19. A system of measuring a property of tissue for
selecting a collapsible prosthetic heart valve, the system
comprising:

a device having (i) a body adapted to fit within a native
valve annulus, and (il) at least one microelectromechanical
sensor attached to the body, the at least one sensor being
capable of measuring a property of tissue adjacent to the
native valve annulus;

a memory for storing a predefined dataset; and

a processor for using the predefined dataset and
information received from the at least one sensor for

determining a property of the tissue.
20. The system of <c¢claim 19, wherein the predefined

dataset includes relationships between blood pressure and

desired calcification for a given wvalve size.
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21. The system of «claim 19, wherein the predefined
dataset d1ncludes relationships Dbetween Dblood pressure and

desired contact forces for a given valve size.
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