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(57) Abstract: A system for determining the dimensions of a
native valve annulus may include a sensing catheter (302,
602), a transmitter (4030), and a tracking system (4002). The
sensing catheter may include a shaft (306) extending in a
longitudinal direction; a plurality ot splines (308, 310, 312,
314) attached to the shatt, the splines having an expanded
condition spaced radially outward from the shatt; an expand-
able balloon attached to the shaft concentrically with the
splines; and at least one sensing coil (316, 318, 320, 322)
located on each of the splines. With the transmitter posi-
tioned in the native valve annulus and the splines in the ex-
panded condition, the transmitter may generate a magnetic
field (4032) to induce a potential in each of the sensing
coils, and the tracking system may identify the positions of
the sensing coils based on the induced potentials. The di-
mensions of the native valve annulus may be determined
from the positions of the sensing coils.
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SYSTEM AND METHOD FOR INTRAPROCEDURAL ASSESSMENT OF GEHOMETRY
AND COMPLIANCE OF VALVE ANNULUS FOR TRANS-CATHETER VALVE
IMPLANTATION

CROSS-REFERENCE TO RELATED APPLICATIONS

(0001} This application claims the benefit of the filing date of US. Provisional
Application No. 62/143,968 filed April 7, 2015, the disclosure of which is hereby
incorporated by reference herein,

BACKGROUND OF THE INVENTION

{0002} Trans-catheter aortic valve replacement ("TAVR"} has been shown to improve
the survival rate in high risk patients for whom surgical heart valve replacement is not an
option. However, the long-term clinical success of a TAVR, or any trans-catheter aortic valve
implantation ("TAVI™) procedure, is dependent on accurate deployment, anchoring, and
acceptable valve performance, both acetely and chronically. This requires maximum
reduction, or potential elimination, of the risks associated with paravalvular (PV} aortic
regurgitation (AR}

[0003] For example, malapposition of the stent frame of a prosthetic valve to the
native valve annulus is a major contributing factor for PV AR, In this regard, apposition of
the stent may be affected by the degree of calcification of the valve leaflets. Accordingly,
highly calcified regions have typically low compliance compared to the non-calcified regions
of the native valve annulus.  Thus, selecting a proper valve size and assessing the
compliance, or lack thereof, of a native valve annulus are important in reducing the risks
associated with these procedures. However, determining the proper valve size during a TAVI
procedure is difficult due to an inability to easily access the native valve annulus, the
presence of calcification and other irregularities, and the eccentricity/elliptical nature of the
native valve annulus.

[0004] There are a number of ways in which the native valve annulus may be sized in
today’s clinical practice. They include imaging techniques, such as trans-thoracie
echocardiogram {TTE), trans-csophagea! echocardiogram {TEE), and angiography. However,
these imaging methods are not standardized and may yield different results depending on the
view obtained of the native valve annulus with the annulus' elliptical shape contributing to the
uncertainty. Although valve sizing using 3D computed tomographic {(CT) imaging has been

observed to result in less PV AR, this technique is expensive and requires independent patient
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preparation/assessment prior to the procedure. Additionally, CT imaging exposes the patient
to potentially harmtul radiation.

[0005] Furthermore, alterations to the valve annulus following a balloon
valvuloplasty procedure can make it difficult to correctly size the annulus, even with current
imaging techniques. Thus, there is a clinical need for an alternative option for accurately
sizing a native valve annulus that is cost effective and safe for patients, both before and after
a valvuloplasty procedure.

BRIEF SUMMARY OF THE INVENTION

[C008] The disclosed systems and methods enable a physician to assess geometry and
compliance of a native valve annulus and thus address the foregoing problems.

[0007] in one embodiment, the present disclosure describes a system for
determining the dimensions of a native valve annulus is disclosed. The system may include a
sensing catheter that has a shaft that extends in a longitudinal direction, a plurality of splines
attached to the shaft that have an expanded condition spaced radially outward from the shaft,
and a sensing coil located on each of the splines. The system may also include a transmitter
to generate a magnetic field to induce a potential in each of the sensing coils and a computing
device to provide the positions of the sensing coils based on the induced potentials.

[0008] According to another embodiment, the present disclosure describes a method
for determining the dimensions of a native valve annulus. The method begins with delivering
a sensing catheter to a native valve annulus. The sensing catheter may include a plurality of
splines, with each spline having a sensing coil. The plurality of splines may also have a
contracted condition and a radially expanded condition. Once the sensing catheter reaches
the native valve annulus, the plurality of splines are deployed from the contracted condition
to the radially expanded condition. Mext, a magnetic field may be generated that induces a
potential in cach of the sensing colls of the sensing catheter. Accordingly, determining a first
position of each of the sensing coils may be determined based on the induced potentials,
Based on the locations of each of the sensing coils, a dimension of the native valve annulus
may be determined.

[0003] Another embodiment of the present disclosure describes an apparatus that
includes a shaft extending in a fongitudinal direction. A plurality of splines may be attached
{0 the shaft and at least one sensing coil may be located on each of the splines. According to

some embodiments, the splines may have an expanded condition spaced radially outward
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from the shafl. Additionally, the apparatus may have an expandable balloon positioned
hetween the shaft and the plarality of splines.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Various embodiments of the present invention will now be described with
reference to the appended drawings. [t is to be appreciated that these drawings depict only
some embodiments of the invention and are therefore not to be considered limiting of its
sCope.

[00113 FIG. 1 is a perspective view of an exemplary balloon catheter according to
aspects of the disclosure;

(003127 FIG. 2 is a diagrammatic view illustrating the elliptical dimensions of a native
valve annulus that may be determived according to aspects of the disclosure.

[0013] FIGS. 3A and 3B are schematic perspective views of a portion of a catheter in
which sensing coils are placed on splines extending from the shaft of the catheter according
to one aspect of the disclosure.

(0014} FIG. 4 is a block diagram illustrating an exemplary system for determining the
dimensions of a native valve anmulus according to aspects of the disclosure.

[0015] FIG. S is a flow charl depicting a method for determining the locations of
sensing coils to determine the geometry of a native valve annulus according to one aspect of
the disclosure.

[0016] FIGS. 6A and 6B are schematic perspective views of a portion of a catheter in
which sensing coils are placed on splines extending from the shaft of the catheter according
o another aspect of the disclosure.

[0017] FIG. 7 is a flow chart depicting a method for determining the locations of
sensing coils to determine the geometry of a native valve annulus according to another aspect
ot the disclosure.

(0018} FIGS. 8A-8C are diagrammatic views illustrating a display of the sensing coils
according to one aspect of the disclosure.

[0018] FIG. 9 is a diagrammatic view illustrating an example of determining the
three-dimensional geometry of a native valve annulus according to aspects of the disclosure.
{0020} FIG. 10 is a flow chart depicting & method for determining the three-

dimensional geometry of a native valve annulus according to aspects of the disclosure.
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(00211 FIGS. 11A and 11B are schematic perspective views of a portion of a balloon
catheter in which sensing coils are placed on splines extending from the shaft of the catheter
according to one aspect of the disclosure,

(00221 FIG. 12 15 3 flow chart depicting a method for determining the compliance of
the valve annulus according to one aspect of the disclosure.

(0023} FIGS. 13A and 13B are schematic perspective views of a portion of a balloon
catheter in which sensing coils are placed on splines extending from the shafl of the catheter
according to another aspect of the disclosure.

{0024} FIG. 14 is a flow chart depicting a method for deterraining the compliance of
the valve annulus according o another aspect of the disclosure.

[0025] FIGS. 15A and 138 are diagrammatic views illustrating a display of the
sensing coils according to one embodiment of the disclosure.

DETAILED DESCRIPTION

[0028] As used herein, the words "substantially,

BN o

approximately,” "generally,” and
"ghout" are intended to mean that slight variations from absolute are included within the
scope of the structure or process recited. Additionally, the terms “proximal," "distal”
“leading,” and "trailing” are to be taken as relative to a user using the disclosed
catheter. "Proximal” or "trailing end” are to be understood as relatively close to the user and
"distal” or "leading end” are to be understood as relatively farther away from the user.

[0027] This disclosure provides for a system and method for assessing geometry
and compliance of a native valve annulus. In particular, the native valve annulus may be a
valve annulus in which a trans-catheter aortic valve is {o be implanted. The native valve
annulus may also be that in which another type of trans-catheter cardiac valve is to be
implanted, such as a mitral valve, a tricuspid valve, or a pulmoenary valve. Alternatively, the
native valve annufus may refer to a prosthetic valve previously implanted in a patient which
has subsequently become diseased, requiring further intervention using a new trans-catheter
valve implantation procedure {("valve-in-valve” implantation). The disclosed system and
method use sensing coils to detect generated magnetic fields to determine the dimensions and
compliance of the native valve annulus. The systems and methods described herein can be
used to determine dimensions and compliance of the valve annulus post valvuloplasty and

prior to prosthetic valve implantation.
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[0028] During balioon valvuloplasty, & balloon catheter positioned in the native
valve anoulus is inflated with saline, flatiening the native valve leaflets, which are typically
diseased and/or calcified. A non-compliant balloon is typically used for this purpose.
(00291 In one embodiment, the disclosed system and method may add another
balloon, typically a compliant balloon, either proximal or distal to the valvuloplasty balloon,
FIG. 1 illustrates one example of a non-compliant balloon 102 having a compliant balioon
104 placed adjacent to it. According to one embodiment, the operator may inflate and deflate
the non-compliant balloen 102 to perform a balloon valvuloplasty procedure, then either
advance or retract the ca’shct@r and inflate the compliant (i.e., sizing} balloon 104 {0 measure
the dimensions of the native valve anmilus. By locating the compliant balloon proximally or
distally to the valvuloplasty balloon, quicker exchange and reduced procedure times may be
achieved.

[0030] The compliant balloon 104 may share a fluid lumen with the non-compliant
balloon 102. Alternatively, the fluid lJumens may be separate. When inflated, the compliant
balloon 104 may conform to the native valve annulus such that the walls of the balloon 104
contact substantially the entire circumference of the native valve annulus or as much of the
circumference of the native valve annulus as is physically possible {e.g., there may be slight
gaps between the balloon wall and the circumference of the native valve annulus). In cases in
which valvuloplasty is not performed prior to valve implantation, a device incorporating only
a compliant balloon may be used for sizing the native valve annulus.

{0031} FIG. 2 illustrates an example of the dimensions of the native valve annulus
that may be measured by the systems and methods described herein. In one embodiment,
sizing of the native valve annulus with a sizing balloon may be performed by determining the
positions, such as location and orientation, of sensing coils positioned within the native valve
annulus. The positions of the sensing coils may be stored in a memory or displayed {or both).
The sensing coils may then be repositioned and redeployed in the native valve annulus.
Again, the positions of the sensing coils may be determined and stored. The system may
connect the various data points via line segments or smooth curves to form an ellipse around
the data points. With this procedure, the dimensions of the native valve anmulus may be
determined. The dimensions may include the major axis length 202, a minor axis fength 204,
perimeter 206, area, area and perimeter averaged length of the annulus. According to some

embodiments, the major axis length 202 and the minor axis length 204 may be approximated
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or estimated and within a degree of confidence. From these dimensions, other aspects of the
native valve annulus may also be determined, such as its eccentricity.

[0032] FIGS. 3A and 3B are schematic perspective views of a sensing catheter 302
according to one aspect of the disclosure. The sensing catheter may include a shaft 306
having a leading end and a trailing end. In some embodiments, shaft 306 may have a lumen
for a guide wire. A plurality of splines 308, 310, 312, and 314 may be attached in an array
near the leading end of shaft 306. More particularly, the end of each spline closest to the
leading end of shaft 306 may be fixedly attached to the shafi. The other end of each spline
may be attached to a ring 328 that is free to stide on shaft 306, While splines 308, 310, 312,
and 314 are shown as fixedly attached to the leading end of shaft 306 and the ring 328, one of
ordinary skill in the art would recognize that other orientations may be employed. For
example, splines 308, 310, 312, and 314 may be fixedly attached to a trailing portion of shaft
306 and to ring 328, which may be slidably mounted toward the leading end of shaft 306.
[0033] As splines 308, 310, 312 and 314 are deployed by retracting a spline sheath
326 {as described in greater detail below), they will bow radially cutwardly from shaft 306 to
an expanded condition. This outward bowing will cause ring 328 to slide in a distal direction
toward the leading end of shaft 306. Conversely, during re-sheathing the sliding ring 328
will move proximally and the splines 308, 310, 312, and 314 will move from the expanded
condition radially inward to a contracted condition closer to shaft 306. The ease with which
splines 308, 310, 312 and 314 may be moved between the contracted and expanded
conditions enables their easy deployment and re-sheathing without causing sigonificantly large
residual stresses.

(00347 In some embodiments, splines 308, 310, 312, and 314 may be struts formed
from a shape-memory material, such as Nitinol, and heat set in an expanded condition so that
the spline array sclf-cxpands to the expanded condition upon deployment. When
unconstrained, the spline array may expand radially outward to a diameter that is larger than
the fargest cardiac valve annulus diameter (typically around 30 mm for the aortic valve in
humans). The diameter of the expanded spline array may be between about 1 FR and about 3
FR. Preferably, the diameter of the expanded spline array may be about 2 FR. While four
splines are shown in FIGS. 3A and 3B, sensing catheter 302 may have any number of splines
spaced around shaft 306, According to preferred embodiments, the splines may be equally-

spaced around shaft 306,
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[0035] Each spline may have at least one sensing coil mounted thereon. As shown
in FIGS. 3A and 3B, a first sensing coil 316 may be mounted on spline 308, a second sensing
coil 318 may be mounted on spling 310, a third sensing coil 320 may be mounted on spline
312, and a fourth sensing coil 322 may be mounied on spline 314, The sensing coils may be
any sensing coils suitable for medical purposes and capable of measuring induced voltage
due to variations in magnetic flux, In some embodiments, sensing coils 316, 318, 320, and
322 may be mounted along the waist or expansion center (i.e., equator) of each spline. In
another embodiment, the sensing coils may be located in different planes perpendicular 1o the
shaft 306 to provide three-dimensional information of the native valve annulus. In a further
embodiment, multiple sensing coils may be positioned on each spline to obtain three-
dimensional information relevant to the valve annulus, The sensing coils may be between
about .3 mm and about 4.5 mm long. In preferred embodiments, the sensing coils may be
about | mm long.

{0036} As noted above, sensing catheter 302 may include a spline sheath 326 that is
allowed to stide relative to shaft 306 and to splines 308, 310, 312 and 314. The spline sheath
may keep the splines in the contracted condition, shown in FIG. 3A, as the sensing catheter is
delivered {0 a native valve annulus, After the sensing catheter is advanced to the native valve
annulus, spline sheath 326 may be retracted using any known technique to deploy the splines
{o the expanded condition shown in FIG, 3B,

[0037] According to the embodiment shown in FIGS. 3A and 3B, the sensing
catheter may include a non-compliant or semi-compliant balloon 304 formed of a suitable
material positioned inside of splines 308, 310, 312 and 314. The ends of balloon 304 may be
bonded to shaft 306. A fluid lumen and aperture (not shown) in shaft 306 may supply a
pressurized homogeneous medium {e.g., saline) for inflating balloon 304, Upon full inflation
of balloon 304, a small incremental additional pressure may be applied to the balloon 304,
resulting in a small and measureable displacement of the sensing coils on the splines. The
relative displacement of the sensing coils in response to the additional pressure can be used to
assess the compliance of the annulus. Thus, by using cither a compliant, non-compliant, or
semi-compliant balioon, sensing catheter 302 may determine the dimensions of the native
valve annulus, whereas using a non-compliant or semi-compliant balloon allows the sensing
catheter 302 to determine both the dimensions and the compliance of the native valve

annulus,
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{00381 FIG. 4 illustrates an exemplary system 4000 for detecting the positions of
the sensing coils deployed via the sensing catheter and for determining from those positions
the dimensions, ecceniricity, and compliance of a native valve annulus. The system 40600
may include a magnetic tracking system 4002, a transmitter 4030, and the sensing catheter
302.

{0039} The magnetic tracking system 4002 may include a processor 4004, a display
4006, and a non-transitory, computer-readable memory 4008, The magnetic tracking system
4002 may be a personal computer, intended for use by a user, having all the components
normally found in a personal computer, such as a central processing unit (CPU), display
device, CD-ROM, hard drive, user inputs, speakers, modem and/or network interface device,
and all of the componenis used for connecting these elements to one another. Alternatively,
the magnetic tracking system 4002 may be any computing device, such as a server, tablet,
mobile device, smart phone, phablet, etc. In other examples, the magnetic fracking system
4002 may be specialized computing equipment, such as a Medi guide® system (available from
Mediguide Litd. of Haifa, Israel). The magnetic tracking system 4002 may be in
communication with transmitter 4030 and sensing catheter 302,

{0040} The processor 4004 may be any conventional processor, such as a
commercially available CPU. Alternatively, the processor 4004 may be a dedicated device,
such as an Application Specific Integrated Circuit {ASIC), a Field Programmable Gate Array
(FPGA), or other programmable, hardware-based processor.  Additionally, the processor
4004 may include multiple processors, multi-core processors, or a combination thereof.
Accordingly, references to a processor will be understood to include references to a collection
of processors or dedicated logic that may or may not operate in paraliel.

{0041} The display 4006 may include any display capable of rendering data
visually. For example, the display 4006 may include a mouitor, such as an LED or plasma
display. In some embodiments, display 4006 may represent the positions of the sensing coils
dynamically in real time at 10-30 frames per second. While display 4006 is shown as a
component integrated into magnetic tracking system 4002, one of ordinary skill in the art
would recognize that display 4006 roay be a stand-alone device. Further, display 4006 may
be located remotely from the magnetic tracking systern 4002. For example, the data gathered
by magnetic tracking system 4002 may be transmitted over a network to display 4006 to be

viewed remotely.
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(00421 The memory 4008 may be any memory capable of storing information
accessible by the processor 4004, including data 4010 and instructions 4020 that may be
executed or otherwise used by the processor. In this regard, the memory 4008 may be of any
type capable of storing information accessible by the processor, including a non-transitory,
computer-readable medium, or other medium that stores dats that may be read with the aid of
an electronic device, such as a hard-drive, memory card, flash drive, ROM, RAM, DRAM,
DVD or other optical disks, as well as other write-capable and read-only memories. The
memory may include short term or temporary storage as well as long term or persistent
storage. Alternatively, the memory 4008 may include a storage area network (SAN) capable
of being accessed by magnetic tracking system 4002. Storage systems and methods may
include different combinations of the foregoing, whereby different portions of the instructions
and data may be stored on different types of media.

{0043] The data 4010 may include annulus dimensions and compliance information
4012 and received coil output 4014 from the sensing catheter 302, The data 4010 may be
retrieved, stored, or modified by processor 4004 ju accordance with instructions 4020.
Additionally, the data 4010 may be outputted to display 4006 in accordance with instructions
4020. The data may be formatted in any computer-readable format, and may comprise any
information sufficient to identify the relevant information, such as numbers, descriptive text,
proprietary codes, references to data stored in other areas of the same memory or different
memories (inchuding other network locations) or information that is used to calculate the
relevant data,

[0044] The instructions 4020 may be any set of instructions to be execuied by the
processor 4004, For example, the instructions may be stored as compuler code on the non-

L1 1)

transitory, computer-readable medium. The terms "instructions,” "modules,” and "programs”
may be used interchangeably herein. The instructions may include instructions 4022 for
driving the transmiiter, instructions 4024 for determining and displaying the positions of the
sensing coils and instructions 4026 for determining the dimensions, eccentricity and
compliance of an annulus from the measured potentials. Functions, methods and routines of
the instructions are explained in more detail below.

[0045] The transmitter 4030 may be any transmitting device capable of generating a
number of distinct magnetic fields 4032, For example, the transmitter 4030 may include an

array of drive coils at fixed and previously established locations proximate to the navigation
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region of interest. In some embodiments, the transmitter 4030 may be located beneath a
patient’s bed, mounted to the side of a patient’s bed, or located on another instrument, such as
a fluoroscopy head. The transmitier may generate magnetic fields, typically in a range of | ©0
20 kilohertz. Accordingly, each drive coil may induce potentials in the sensing coils of the
sensing catheter 302 by virtue of slightly different drive frequencies for each drive coil. If
enough degrees-of-freedom are provided by using a sufficient number of drive coils (l.e., at
least 6, but commonly 9 or more), the location and oriestation of any sensing coil in a
catheter or other instrument may be determined in real time. Thus, the magnetic tracking
systeni may determine the location and/or orientation of gach of the sensing coils in catheter
302 described above. Sub-millimeter accuracy of the location and orientation of the coils has
been established using the Mediguide® system. While the transmitter 4036 is illustrated as a
separate component from the magnetic tracking system 4002, one of ordinary skill in the art
would recognize that the magnetic tracking systern 4002 and the transmitier 4030 may be
focated in the same housing.

[0046] FIG. 3 illustrates a method for assessing the cross-sectional dimensions and
compliance of a native valve annulus which may be performed using system 4000 or any
other capable system. In block 510, sensing catheter 302, with balloon 304 deflated and
splings 308, 310, 312 and 314 in a collapsed state, may be advanced to the native valve
annulus over a guide wire, Once the sensing catheter is in the appropriate location, spline
sheath 326 may be retracted in block 520 to deploy the splines. In block 530, the splines
expand radially outward as they are deployed until sensing coils 316, 318, 320 and 322
contact the periphery of the native valve amulus.

{00477 Once deployment of the splines has been achieved, balloon 304 may be
inflated in block 540 using saline or other fluid. As balioon 304 inflates, it may conform to
the shape of the native valve annulus. In doing so, balloon 304 may push one or more of
splines 308, 310, 312 and 314 outwardly to ensure that each of sensing coils 316, 318, 328
and 322 is in contact with the native valve annulus.

{00481 With the splines deployed and the balloon inflated, system 4000 may be
employed to determine the positions of the sensing coils and, from that information, the size
and shape of the native valve annulus. More particularly, in block 550, magnetic tracking
system 4002 may be used to determine the three-dimensional positions of sensing coils 316,

318, 320 and 322. Magnetic tracking system 4002 roay send instructions to transmitter 4030

10
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io begin generating magnetic fields 4032. Each drive coil in transmitter 4030 may use a
slightly different drive frequency to generate a number of distinct magnetic fields at fixed and
previously established locations proximate to the navigation region of interest. Each distinet
magnetic field may generate a potential at each of the sensing coils. The potentials induced in
the sensing coils may be transmiited o the magnetic tracking system 4002 as sensing coil
output 4034, The magnetic tracking system 4002 may amplify the sensing coil oulput 4034
and convert it to a real time digital amplitude representation. According to some
embodiments, the position (c.g., location, orientation, ete.) of any sensing coil in a catheter or
other instrument may be determined in real time. In this regard, the magnetic tracking system
4002 may determine the location and/or orientation of each of the sensing coils and output
the location and/or orientation of each of the scusing coils via display 4006.

[0048] in some embodiments, determining the position of each sensing coil may
include representing the position of cach sensing coil graphically on a display or another
computing device, such as a computer, tablet, etc. As noted above, the positions of the
sensing coils may be represented dynamically in real time at 10-30 frames per second.
Displaying the sensing coils in real time may provide an indication of the degree of
calcification of the native valve annulus. For example, the sensing coils that are less dynamic
or that traverse a shorter distance during a cardiac cycle may indicate a greater degree of
calcification in that region of the valve annulus.

(00507 in block 560, the positions of the sensing coils may be recorded either by
storing them in memory or plotting them graphically, for example, on a Cartesian plane. In
block 570, a determination is made with respect to whether cnough data points have been
collected. For example, the system may need a predetermined number of sensing coil
locations to provide an accurate measurement of the native valve annulus. If an insufficient
number of data points have been collected, in block 580, balloon 304 may be deflated and
sheath 326 advanced to move the splines 308, 210, 312 and 314 to the collapsed condition.
The catheter may then be rotated and the process of deploying the splines and acquiring the
positions of the sensing coils in the same plane of the pative valve annulus as the first data set
is repeated. If the system determines in block 570 that the predetermined number of data
points have been collected, in block 590 the system determines the geometry of the annulus

based on the determined locations of the sensing coils.
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[00BL] FIGS. 6A and 6B are schematic perspective views of a sensing catheter 602
according to another aspect of the disclosure. Sensing catheter 602 is similar to sensing
catheter 302 described above with respect to FIGS, 3A and 3B, However, sensing catheter
602 differs from sensing catheter 302 in that the sensing coils are located within balloon 604,
[0052] According to the embodiment shown in FIGS. 6A and 6B, balloon 604 may
be a compliant balloon. By using a compliant balloon, sensing catheter 602 may hold the
{eaflets of the native valve annulus back and prevent the leaflets from prolapsing. Moreover,
the compliant balloon will conform to the shape of the native valve annulus.

[0053] Turning to FIG. 6A, sensing catheter 602 is shown with balloon 604 in a
deflated state and the splines mainiained in a contracted condition by spline sheath 326. A
fluid lumen and aperture in shaft 306 (not shown) may supply a pressurized homogeneous
medium {e.g., saling) for inflating balloon 604. Upon full inflation of balloon 604, spline
sheath 326 may be retracted using any known technique, thereby allowing splines 308, 310,
312, and 314 to expand radially outward as shown in FIG. 6B, Splines 308, 310, 312, and 314
may expand outwardly such that sensing coils 316, 318, 320, and 322 contact the inner wall
of balloon 604. Accordingly, sensing coils 316, 318, 320, and 322 may be used to determine
the dimensions of the native valve annulus.

[0054] FIG. 7 illustrates a method for assessing the cross-sectional dimensions of a
native valve annulus using the sensing catheter depicted in FIGS, 6A and 6B, which may be
performed using system 4000 or any other capable system. In black 710, the sensing catheter,
with the balloon deflated and the splines in a collapsed state, may be advanced to the native
valve annulus over a guide wire.

[CO55] In block 720, balloon 604 may be inflated such that it conforms to the shape
of the native valve annulus. After balloon 604 has been fully inflated, spline sheath 326 may
be retracted in block 730 to deploy the splines. In block 740, the splines expand radially
outward as they are deployed until the sensing coils contact the inner wall of balloon 604.
{00561 As described above, system 4000 may be employed to determine the
positions of the sensing coils and, from that information, the size and shape of the native
valve annulus. For example, in block 750, magnetic tracking system 4002 may be used to
determine the three-dimensional positions of sensing coils 316, 318, 320, and 322 by

represeniing the position of each sensing coil graphically on a display.
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[0057] The positions of the sensing coils may be recorded in memory or plotied
graphically in block 760, and sheath 326 may be advanced to move splines 308, 318, 312,
and 314 to the collapsed state. In block 770, a determination is made whether enough data
points have been collected regarding the native valve annulus. If an insufficient number of
data points have been collected, the location of the sensing coils may be adjusted in block
780. For example, the location of the sensing coils may be adjusted by rotating the sensing
coils in balloon 604. Accordingly, the process of deploying the splines and acquiring the
positions of the sensing coils in the same plane of the native valve annulus as the first data set
is repeated. However, if the system determines in block 770 that a sufficient number of data
points have been collected, the system determines the dimensions of the annulus based on the
determined locations of the sensing coils in block 780.

(00581 FI(3S. 8A-8C illusirate an example of determining the geometry of the
native valve annulus in accordance with the methods described above. FIG. 8A shows the
positions of the sensing coils on the display 4006, The first location of the first sensing coil
316 may be indicated by the data point 316", the first location of the second sensing coil 318
roay be indicated by the data point 318, the first location of the third sensing coif 320 may be
indicated by the data point 320, and the first location of the fourth sensing coil 322 may be
indicated by the data point 322'. As noted above, the position of the sensing catheter may be
adjusted to acquire another set of data points in the same plane. FIG. B shows the second
tocation of the first sensing coil 316 as indicated by the data point 316", the second location
of the second sensing coil 318 as indicated by the data point 318", the second location of the
third sensing coil 320 as indicated by the data point 320", and the second location of the
fourth sensing coil 322 as indicated by the data point 322",

[0059] In one embodiment, after a predetermined number of data points have been
collected, the system niay connect adjacent data points with line segments or a smooth curve
i create a visual image of the valve annulus cross-section. In another embodiment, a smooth
curve is fitted to the set of points collected. In yet another embodiment, an ellipse can be
fitted to the set of data points. FIG. 8C shows an example of the geometry of a native valve
annulus as determined by the foregoing procedure. In particular, FIG. 8C illustrates a smooth
curve 806 fitted to the set of data points.

{00601 Smooth curve 806 may represent the perimeter of the native valve annulus,

Further, the major axis length 202 and the minor axis length 204 may be determined from the
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set of data points collected. Accordingly, the information displayed in FIG. 8C may be used
{0 determine additional information for the native valve annulus, such as the area and area
and perimeter averaged length of the annulus.

[00611 Additionally, the sensing catheters described herein may be used to obtain
three-dimensional information about the native valve annulus. Referring to FIG. 9, a cross-
section of a native aortic valve is shown. Three-dimensional information for the valve may
be constructed by determining the valve geometry, as described above, at different planes of
the native valve annulus {(e.g., at planes 910, 920, 930, 940, 950, and 960). For example, the
method depicted in either FIGS. 5 or 7 may be performed at a first plane 910. The catheter
may then be translated so that the sensing coils are at about plane 920, and the method may
be repeated. The catheter may again be translated and the method repeated at each of the
remaining planes {e.g., 930, 940, 950, and 960}. The information gathered at each plane may
be collated to develop three-dimensional information for the native valve annulus. The three-
dimensional information may be used to decide the best landing spot for the deployment of a
prosthetic valve, thereby minimizing paravalvular leakage when an appropriately-sized
transcatheter valve is used. The three-dimensional information may be depicted graphically
or nurnerically, depending on the needs of the user,

[0062] Turning to FIG. 10, an exemplary flow chart of a method for obtaining
three-dimensional information about the native valve annulus is shown, In block 1010, the
sensing catheter may obtain the dimensions of the native valve annulus at a first plane. The
steps to obtain those dimensions may be those depicted in the flow chart of either FIGS. 5 or
7. In block 1020, a determination is made as to whether the dimensions of the native valve
annulus may be obtained at a different plane. If it is determined that the dimensions at an
additional plane way be obtained, the method proceeds to block 1030 at which the
dimensions at another plane are obtained. The mguiry performed in block 1020 may be
performed repeatedly until there are no additional planes at which to obtain dimensions of the
native valve annulus. If it is determined that there are no other planes at which the
dimensions of the native valve annulus can be obtained, then the method proceeds to block
1040 at which a 3-D model of the native valve annulus is constructed from the dimensions
obtained at the various planes. Alternatively, the 3-D model of the native valve annulus may

be consiructed after the geometry at a predetermined number of planes has been obtained.
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{00831 According to another embodiment, a sensing balloon catheter may be used
to determine the relative compliance of the native valve annulus, FIGS. 11A and 118 are
schernatic perspective views showing the use of sensing balloon catheter 302 described above
{i.e., with balloon 304 positioned inside of splines 308, 310, 312 and 314} to determine the
compliance of the native valve annulus. FIG. 11A shows the sensing balloon catheter 302
after spline sheath 326 has been retracted and nou- or semi-compliant balloon 304 has been
inflated to a first inflated condition. In this first deployment, baseline locations of sensing
cotls 316, 318, 320, and 322 may be determined using the methods described above.

[0064] FIG. 11B illustrates the sensing halloon catheter 302 in a second inflated
condition in which balloon 304 is at a greater pressure. As a result of this greater pressure,
balloon 304 may exert a uniform pressure on the native valve annulus similar to the radial
force that a stent frame would exert on the native valve annulus. Where the native valve
annulus is compliant, the pressure exeried by the balloon may force the annulus radially
outward, whereas noncompliant calcified portions of the annulus will not deform or will
deform to a much lesser extent. In those areas in which the annulus moves outward, the
balloon will also expand radially, enabling selected ones of the splines to further expand
outwardly. Depending on which of the splines expand outwardly, one or more {or none) of
sensing coils 316, 318, 320, and 322 may be displaced. For example, sensing coil 1116
shows the displacerment of sensing coil 316 after balloon 304 has been further inflated.
Similarly, sensing coil 1118 shows the displacement of sensing coil 318; sensing coil 1120
shows the displacement of sensing coil 320; and sensing coil 1122 shows the displacerent of
sensing coil 322,

[0065] FIG. 12 is a flowchart depicting a method for determining the compliance,
or lack thereof, of a native valve annulus using the sensing catheter depicted in FIGS. 11A
and 118. The method begins in block 1210 with the step of advancing the sensing balloon
catheter over a guide wire to a native valve annulus. In this initial step, the catheter is
advanced with the norn- or semi-compliant balloon in the deflated state and the splines in the
collapsed state. In block 1220, the spline sheath may be refracted in a known manner 1o
deploy and expand the splines. In block 1230, the balloon may be inflated to a first inflated
condition with a homogeneous medium {e.g., saline) until the balloon coniacts the splines
and, in block 1240, forces the sensing coils against the native valve annulus, The balloon

may expand until it contacts and conforms to the pative valve annulus,
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[0066] In block 1250, the positions of the sensing cotls are determined. In this
regard, a magnetic tracking system, such as the Mediguide® system or the magnetic tracking
system 4002 described above, may be used o determine the three-dimensional location of
each of the sensing coils. In block {260, the position of each of the sensing coils may be
recorded. Recording the position of cach sensing coil may include storing the position in
memory, representing the position of each sensing coil graphically on a computing device, or
a combination of both.

[0067] In block 1270, the balloon may be further inflated to a second inflated
condition. In the second inflated condition, the balloon may exert a radial force on the valve
annulus similar to the radial force exerted by the stent frame of a prosthetic heart vaive. As
the pressure in the balloon increases, the balloon may increase in diameter, compressing the
native valve annulus in some locations more than in others. As the diameter of the balloon
increases, the splines will be forced further outward until the sensing coils again contact the
native valve annulus. In block 1280, the displacement of the sensing coils may be
determined with sub-millimeter accuracy. In block 1290, the compliance of the annulus
based on the displacement of the sensing coils is determined, which may be displayed
graphically as discussed in greater detail above. The native valve annulus will have a
relatively greater compliance where the displacement of the sensing coils is the greatest and a
lesser compliance where the displacerment of the sensing coils is less, thereby reflecting
calcification. Thus, the method may detect varying degrees of calcification of the annulus
based on the displacement of the sensing coils, which may be measured with sub-millimeter
accuracy. Mon-uniform calcification may lead to malapposition of a stent frame, which could
cause paravalvular leakage.

[0068] FIGS. 13A and 13B are schematic perspective views showing the use of
sensing balloon catheter 602 described above {ie., with splines 308, 316, 312 and 314
positioned within balloon 604) to determine the compliance of the native valve ammulus.
FIG. 13A shows the sensing balloon catheter 602 afler non- or semi-compliant balloon 604
has been inflated to a first inflated condition and spline sheath 326 has been retracted. As
described above, baseline locations of sensing coils 316, 318, 320, and 322 may be
determined using the methods described above.

{00691 Turning to FIG. 138, balloon catheter 602 is shown with balioon 604 at a

greater pressure in a second inflated condition. In this regard, balloon 604 may exert a
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uniform pressure on the native valve annulus similar to the radial force that a stent frame
would exert on the native valve annulus. Depending on which of the splines expand
outwardly, one or more {or none} of sensing cotls 316, 318, 320, and 322 may be displaced.
For example, sensing coil 1316 shows the displacement of sensing coil 316 after balioon 604
has been further inflated. Similarly, sensing coil 1318 shows the displacement of sensing coil
318; sensing coil 1320 shows the displacement of sensing coil 320; and sensing coif 1322
shows the displacement of sensing coil 322.

{0070} FIG. 14 illustrates a flow chart depicting a method for determining the
compliance of a native valve annulus using the sensing catheter depicted in FIGS. 13A and
13B. The method begins in block 1410 by advancing the sensing balloon catheter over a
guide wire to a native valve annulus.  In block 1420, the non- or semi-compliant balloon
may be inflated to a first inflated condition with a homogeneous medium. In block 1434, the
spline sheath roay be retracted in a known manner to deploy and expand the splines. In block
1440, the splines may expand outwardly until the sensing coils contact the inner wall of the
inflated bailoon. In block 1450, the positions of the sensing coils may be determined, and the
position of each of the sensing coils may be recorded in block 1460, In block 1470, the
balloon may be further inflated to a second inflated condition. In block 1480, the
displacement of the sensing coils may be determined with sub-millimeter sccuracy. Finally,
the compliance of the annulus based on the displacement of the sensing coils is determined in
block 1490,

[0071] The displacement of the sensing coils with a small increase in pressure may
be displayed graphically and measured with sub-millimeter accuracy. FIGS. 15A and 15B
show an example in which the displacement of the coils is displayed. For example, FIG. 13A
shows the baseline locations of sensing cotls 316, 318, 320, and 322 on display 4006 after the
initial deployment of the splines.

{00721} FIG. 158 shows the displacement of the sensing coils after the non- or semi-
compliant balloon has been further inflated to the second inflation condition. Display 4006
may display the locations of the sensing coils shown in FIG. 15A in addition to the locations
of the sensing coils following inflation of the balloon to the secoud inflated condition, as
indicated by reference numerals 1316, 1318, 1320, and 1322, The sensing coils that travel a

{esser distance may indicate a greater degree of calcification in that region of the native valve

17



WO 2016/164257 PCT/US2016/025469

annulus since the native valve annulus would not deform as much in the second inflated
condition in areas with greater degrees of caleification.
[0073] To summarize the foregoing, a system for determining the dimensions of a
native valve annuius may include a sensing catheter having a shaft extending in a longitudinai
direction; a plurality of splines attached to the shaft, the splines having an expanded condition
spaced radially outward from the shafl; a first expandable balloon attached to the shaft
coaxially with the splines; and at least one sensing coil located on each of the splines; a
transmitter configured to generate a magnetic field to induce a potential in each of the sensing
coils; and a tracking system configured to identify positions of the sensing coils based on the
induced potentials; and/or

the transmitier may be an array of drive coils; and/or

the system may include a display configured to output the position of each of the
sensing cotls; and/or

the sensing catheter may include a ring shidably mounted on the shafl, each of the
splines having one end attached fo the shaft and another end attached to the ring; and/or

the sensing catheter may include a spline sheath slidable relative to the shafl between
a first position overlying the splines and a second position exposing the splines for movement
to the expanded condition; and/or

the sensing catheter may include a first expandable balloon positioned between the
shaft and the splines; and/or

the first balloon may be positioned between the shaft and the splines; and/or

the splines may be positioned between the shaft and the first balloon; and/or

the first balloon may be a compliant balloon; and/or

the first balloon may be a non-compliant balloon; and/or

the sensing catheter may include a second expandable balloon connected to the shaft,
the second balloon being spaced from the first balloon in the longitudinal direction; and/or

the first balloon may be a compliant balloon and the second balloon may be a
non-compliant balloon; and/or

the first balloon and second balloon may be non-compliant balloons; and/or

the second balloon may be inflatable independently of the first balloon.
00741 A method for determining the dimensions of g native valve annulus may

include delivering a sensing catheter to a native valve annulus, the sensing catheter including
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a plurality of splines having a contracted condition and a radially expanded condition, each of
the splines including a sensing coil; deploying the plurality of splines from the contracted
condition to the radially expanded condition; generating at lcast one magnetic field that
induces a potential in each of the sensing coils; determining a first position of each of the
sensing coils based on the induced potentials; and determining a dimension of the native
valve annulus based on the first positions of the sensing coils; and/or

the deploying step may include deploying the plurality of splines so that the sensing
cotls are at a first plane relative to the native valve annulus; and/or

the method may further include moving the plurality of splines from the radially
expanded condition to the collapsed condition; rotating the sensing catheter to change the
positions of the sensing coils; redeploying the plurality of splines from the contracted
condition to the radially expanded condition so that the sensing coils are at the first plane
relative to the native valve annulus; generating at least one magnetic field that induces a
second potential in each of the sensing coils; determining a second position of each of the
sensing coils based on the second induced potentials; and determining the dimension of the
native valve annulus based on the first and second positions of the sensing coils; and/or

the method may further include creating an image of the first plane of the native valve
annulus by displaying first data points representing the first positions of the sensing coils and
connecting cach first data point with an adjacent first data point; and/or

the creating step may include connecting each first data point with the adjacent first
data point using a straight line or fitting a smooth curve to connect all of the first data points;
and/or

the method may further include moving the plurality of splines from the radially
expanded condition to the collapsed condition; translating the sensing catheter so that the
sensing coils are at a second plane different from the first plane relative 1o the native valve
annulus; redeploying the plurality of splines from the contracted condition fo the radially
expanded condition so that the sensing coils are at the second plane relative to the native
valve annuius; generating at least one magnetic field that induces a second potential in each
of the sensing coils; determining a second position of each of the sensing coils based on the
second induced potentials; and determining a second dimension of the native valve annulus

based on the second positions of the sensing coils; and/or
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the method may further include creating an image of the second plane of the native
valve annulus by displaying second data points representing the second positions of the
sensing coils and connecting each second data point with an adjacent second data point
and/or

the method may forther include constructing a three-dimensional model of the native
valve annulus based on the image of the first plane of the native valve annulus and the image
of the second plane of the native valve annulus; and/or

the sensing catheter may include a shaft and a balloon positioned between the splines
and the shaft, and the deploying step may include inflating the balloon to a first inflated
condition between the deploving siep and the generating step; and/or

the method may further include inflating the balloon to a second inflated condition
after the determining step; and/or

the method may further include, after the step of inflating the balloon to the second
inflated catheter, gencrating at least one magnetic field that induces a second potential in each
of the sensing coils; determining a second position of cach of the sensing coils based on the
second induced potentials; determining a displacement of each of the sensing coils based on
the first and second positions; and determining a degree of compliance of the native valve
annulus based on the displacement of each of the sensing coils; and/or

the displacement of cach of the sensing coils may be the difference between the
second position of the sensing coil and the first position of the sensing coil; and/or

the method may further include determining a degree of calcification of the native
valve annulus based on the degree of compliance.
[0075] An apparatus may include a shaft extending in a longitudinal direction; &
plurality of splines attached to the shaft, the splines having an expanded coudition spaced
radially outward from the shaft; at least one sensing coil located on each of the splines; and
an expandable balloon atiached to the shaft coaxially with the splines.
{0076} Although the invention hercin has been described with reference fo
particular embodiments, it is to be understood that these embodiments are merely iliustrative
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.
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(0077} It will be appreciated that the various dependent claims and the features set
forth therein can be combined in different ways than presented in the initial claims. It will
also be appreciated that the features described in connection with individual embodiments
may be shared with others of the described embodiments.

INDUSTRIAL APPLICABILITY

[ooie; The systems and methods described herein enable the dimensions of a native
heart valve annulus fo be determined through a minimally invasive procedure prior {o

implanting a prosthetic heart valve therein.
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CLAIMS

I. A system for determining the dimensions of a native valve annulus, the system
comprising:

a sensing catheter that includes:

a shaft extending in a longitudinal direction;

a plurality of splines attached to the shaft, the splines having an expanded condition
spaced radially outward from the shaft;

a first expandable balloon attached to the shaft coaxially with the splines; and

at least one sensing coil located on each of the splines;

a transmitter configured to generate a magnetic field to induce a potential in each of
the sensing coils; and

a tracking system configured t¢ identify positions of the sensing coils based on the

induced potentials,

2. The system of elaim 1, wherein the transmitter is an array of drive coils,
3. The systern of claim 1, further comprising:

a display configured to output the position of each of the sensing cotls.
4. The system of claim 1, wherein the sensing catheter further comprises:
a ring slidably mounted on the shafl, each of the splines having one end attached to
the shaft and another end attached to the ring.
3. The system of claim 1, whercin the sensing catheter further comprises:
a spline sheath slidable relative to the shaft between a first position overlying the

sphines and a second position exposing the splines for movement to the expanded coundition.

6. The system of claim 1, wherein the first balloon is positioned between the

shaft and the splines.

7. The system of claim 6, wherein the first balloon is a compliant balloon.
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8. The system of claim 6, wherein the first balloon is a non-compliant balloon.

9. The system of claim 1, wherein the splings are positioned between the shaft

and the first balloon,

16, The system of claim 9, wherein the first balioon is a compliant balloon.
11, The system of claim 9, wherein the first balloon is a non-compliant balioon.

12, The system of claim 1, whereln the sensing catheter further includes a second
expandable balloon connected to the shaft, the second balloon being spaced from the first

balloon in the longitudinal direction,

13, The system of claim 12, wherein the first balloon is a comphant balloon and

the second balloon is a non-compliant balloon.

14, The system of claim 12, wherein the first and second balloons are

non-compliant balloons,

15, The system of claims 12, 13 or 14, wherein the first balioon is positioned

between the shaft and the splines.

16.  The system of claims 12, 13 or 14, wherein the splines are positioned between

the shaft and the first balloon.

17. The sysiem of claim 12, wherein the second balloon is inflatable

independently of the first balioon.
18, A sensing catheter for determining the dimensions of a native valve annulus,

the catheter comprising:

a shaft extending in a longitudinal direction;

23



WO 2016/164257 PCT/US2016/025469

a plurality of splines attached fo the shaft, the splines having an expanded condition
spaced radially outward from the shafi;
an expandable balloon attached to the shaft coxially with the splines; and

at least one sensing coil located on each of the splines,
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