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TESTING APPARATUS FOR PROSTHETIC DEVICE

BACKGROUND
[0001] Apparatuses have been utilized to measure performance of prosthetic devices.
Such prosthetic devices may include prosthetic heart valves or other prosthetic devices.
For prosthetic heart valves or other devices that allow for flow therethrough (e.g., stents
or the like), the testing apparatuses have generally measured flow through the
prosthetic device in a closed loop system. A pump or the like has passed test fluid
through the prosthetic device in a steady flow to determine the amount of flow of the

device and pressure gradient across the device.

[0002]  Such apparatuses, however, may not accurately model the performance of the
prosthetic device under physiological conditions. Testing under physiological conditions
may beneficially allow for a more accurate determination of performance of the

prosthetic device when implanted.

[6003]  Such apparatuses may also be difficult and expensive to maintain and use.
Such apparatuses may also have a large size to accommodate a large pump and flow

loop.

[0004] It may thus be desirable to provide a testing apparatus capable of testing a

prosthetic device under physiological conditions and with a simplified design.

SUMMARY
[0005] A testing apparatus, and methods and devices, are disclosed herein. The
testing apparatus may be configured to measure properties of a prosthetic device, which
may comprise a prosthetic valve. The prosthetic valve may comprise a prosthetic heart
valve or other form of presthetic valve. The testing apparatus may be configured to
determine flow properties of the prosthetic valve (such as effective orifice area) as well

as leaflet coaptation and/or leakage of the prosthetic valve.

[0006] The testing apparatus may comprise a dual-drive pulsatile testing apparatus.
The testing apparatus may be configured to measure properties of prosthetic devices
under physiological conditions. For a prosthetic heart valve, the physiological conditions

may include the pumping of the human heart including systole and diastole phases.

[0007] A calibration device is disclosed herein. The calibration device may be utilized
to determine a scaling between an image distance and real distance, to account for
possible optical distortions of views of prosthetic valve leaflets, and to account for the

cylindrical geometry of prosthetic heart valves.
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[0008] Embodiments of the present disclosure may include a testing apparatus for a
prosthetic valve. The testing apparatus may include a flow channel having a first end
portion and a second end portion, and configured to held a test fluid. A retainer may be
configured to hold the prosthetic valve within the flow channel. A first fluid driver may
be coupled to the first end portion of the flow channel and configured to move to flow the
test fluid through the prosthetic valve in an outflow direction of the prosthetic valve,
and configured to provide a pressure of the test fluid on an inflow side of the prosthetic
valve. A second fluid driver may be coupled to the second end portion of the flow channel
and configured to move to flow the test fluid through the prosthetic valve in the outflow
direction of the prosthetic valve, and configured to provide a pressure of the test fluid on
an outflow side of the prosthetic valve. A controller may be configured to move the first
fluid driver and the second fluid driver to flow the test fluid through the prosthetic valve
in the outflow direction of the prosthetic valve when the prosthetic valve is in an open
state. The controller may be configured to operate the first fluid driver te provide a
pressure profile of the test fluid on the inflow side of the prosthetic valve when the
prosthetic valve is in a closed state. The controller may be configured to operate the
second fluid driver to provide a pressure profile of the test fluid on the outflow side of

the prosthetic valve when the prosthetic valve is in the closed state.

[0009] Embodiments of the present disclosure may include a method. The method
may include providing a prosthetic valve in a flow channel of a testing apparatus, the
testing apparatus including a first fluid driver coupled to a first end portion of the flow
channel and a second fluid driver coupled to a second end portion of the flow channel,
the flow channel including test fluid positioned therein. The method may include
operating the first fluid driver and the second fluid driver to flow the test fluid through
the prosthetic valve in an outflow direction of the prosthetic valve when the prosthetic
valve is in an open state. The method may include operating the first fluid driver to
provide a pressure profile of the test fluid on an inflow side of the prosthetic valve when
the prosthetic valve is in a closed state. The method may include operating the second
fluid driver to provide a pressure profile of the test fluid on an outflow side of the

prosthetic valve when the prosthetic valve is in the closed state.

[6010] Embodiments of the present disclosure may include a calibration device for
use in a prosthetic device testing apparatus. The calibration device may include a
plurality of walls spaced from each other, and at least one indicator on at least one of the

plurality of walls indicating a position on the respective wall.
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[0011] Embodiments of the present disclosure may include a method. The method
may include determining a scaling between an image distance and a real distance based
on one or more images of a calibration device having a plurality of walls extending
outward from each other and having a defined real distance between portions of the
calibration device. The method may include determining a property, based on the

scaling, of one or more leaflets of a prosthetic valve shown in one or more images.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] Features and advantages of the systems, apparatuses, and methods as
disclosed herein will become appreciated as the same become better understood with

reference to the specification, claims, and appended drawings wherein:

[0013] FIG. 1 illustrates a schematic view of a testing apparatus according to an

embodiment of the present disclosure.

[0014] FIG. 2 illustrates a perspective view of a testing apparatus according to an

embodiment of the present disclosure.

[0015] FIG. 3 illustrates a perspective expanded view of a test chamber according to

an embodiment of the present disclosure.

[0016] FIG. 4 illustrates a perspective view of a test chamber being inserted into a

mount according te an embodiment of the present disclosure.

[0017] FIG. 5 illustrates a side view of a test chamber inserted into a mount

according to an embodiment of the present disclosure.

[0018] FIG. 6 illustrates a perspective view of a test chamber inserted into a mount

according to an embodiment of the present disclosure.

[0019] FIG. 7 illustrates a side view of a test chamber inserted into a mount

according to an embodiment of the present disclosure.

[0020] FIG. 8 illustrates a perspective view of a portion of a testing apparatus

according to an embodiment of the present disclosure.

[0021] FIG. 9 illustrates a perspective view of a camera and an endoscope according

to an embodiment of the present disclosure.

[0022]  FIG. 10 illustrates an expanded perspective view of lights and a mount

according to an embodiment of the present disclosure.
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[0023] FIG. 11 illustrates a schematic view of a controller and components according

to an embodiment of the present disclosure.

[0024] FIG. 12 illustrates a chart of an operation of a testing apparatus according to

an embodiment of the present disclosure.

[0025] FIG. 13 illustrates a chart of an operation of a testing apparatus according to

an embodiment of the present disclosure.

[0026] FIG. 14 illustrates a chart of an operation of a testing apparatus according to

an embodiment of the present disclosure.

[0027] FIG. 15 illustrates a chart of an operation of a testing apparatus according to

an embodiment of the present disclosure.

[0028] FIG. 16 illustrates a side view of a prosthetic heart valve according to an

embodiment of the present disclosure.

[0029] FIG. 17 illustrates an axial view of a prosthetic heart valve according to an

embodiment of the present disclosure.

[0030] FIG. 18 illustrates a schematic of camera mountings and a side view of a

prosthetic heart valve according to an embodiment of the present disclosure.

[0031] FIG. 19 illustrates a perspective view of a calibration device according to an

embodiment of the present disclosure.

[0032] FIG. 20 illustrates a top view of a calibration device according to an

embodiment of the present disclosure.

[0033] FIG. 21 illustrates a perspective expanded view of a test chamber according

to an embodiment of the present disclosure.

[0034] FIG. 22A illustrates a side view of a calibration device according to an

embodiment of the present disclosure.

[0035] FIG. 22B illustrates a side view of a prosthetic heart valve according to an

embodiment of the present disclosure.

[0036] FIG. 23 illustrates a side view of a calibration device according to an

embodiment of the present disclosure.
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DETAILED DESCRIPTION
[0037] FIG. 1 illustrates a schematic view of a testing apparatus 100 according to an
embodiment of the present disclosure. The testing apparatus 100 may include a test
chamber 102, fluid conduits 103, 104 defining a flow channel 105, a first fluid driver
106, a second fluid driver 108, a first pressure sensor 110, a second pressure sensor 112,

and a controller 114.

[0038] FIG. 2 illustrates a perspective view of an implementation of the testing
apparatus 100. The testing apparatus 100 may include a support structure 200 and a

control terminal 202.

[0039] Referring back to FIG. 1, the test chamber 102 may include an internal cavity
300 (marked in FIG. 3) that is surrounded by a wall 118. The wall 118 may form the
outer surface of the test chamber 102 and a portion or all of the wall 118 may be made of
an optically transparent material or otherwise light transmissive material such that the
contents of the internal cavity 300 are visible from outside of the test chamber 102. The
test chamber 102 may include an opening 120 at a first end of the test chamber 102 and
may include an opening 122 at a second opposite end of the test chamber 102. The
openings 120, 122 may allow the test chamber 102 to be in fluid communication with

respective adjacent portions of the flow channel 105.

[0040] The test chamber 102 may be configured to receive a prosthetic device 124 for
testing by the testing apparatus 100. The prosthetic device 124 may comprise an
implant, which may include a medical implant for implantation within a patient’s body.
The prosthetic device 124 may comprise a prosthetic valve, which may include a
prosthetic heart valve for implantation within a patient’s heart. The prosthetic device
124 may be a one-way valve, and as marked in FIG. 1, may be configured to allow for
flow in the rightward direction (also referred to as the downstream or outflow direction)
in the schematic shown in FIG. 1. The prosthetic device 124 may be a prosthetic aortic
valve, or a prosthetic mitral valve, or in other embodiments may be other forms of
valves. Such other valves may include valves for controlling flow through another
portion of a patient’s body such as another portion of the patient’s vasculature. In other
embodiments, other forms of prosthetic devices such as stents or other prosthetic devices

may be utilized.

[0041] FIG. 3 illustrates an expanded perspective view of the test chamber 102. The
test chamber 102 may include a retainer 302 configured to hold the prosthetic device

124 in position within the test chamber 102 and within the flow channel 105. The
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prosthetic device 124 as shown in FIG. 3 may comprise a one-way prosthetic heart valve,
having a plurality of leaflets. The prosthetic device 124 as shown in FIG. 3 includes
three leaflets 301, 303, 305, although in other embodiments a different number of

leaflets may be utilized.

[0042]  The retainer 302 may include a recess 304 and a securing ring 306. In other
embodiments, other forms of retainers may be utilized, for example a clip, clamp, or
other form of retainer may be utilized. The recess 304 may be coupled to a mounting
plate 308. The retainer 302 may include gaskets 307, 309 for being positioned between
the prosthetic device 124 and the respective mounting plate 308 and securing ring 306.
The mounting plate 308 may be configured to be positioned within the path of the flow
channel 105. The mounting plate 308 may include the opening 120 for fluid

communication with the flow channel 105.

[0043] The recess 304 may be positioned centrally in the mounting plate 308 and
may be configured to receive the prosthetic device 124. The recess 304 may be
surrounded by a wall 310 configured to extend around an outer surface of the prosthetic
device 124 when the prosthetic device 124 is coupled to the retainer 302. The recess 304
may have an opening 312 that allows for fluid communication with the opening 120 and
the flow channel 105, and allows fluid flow through the prosthetic device 124 when the
prosthetic device 124 is coupled to the retainer 302.

[0044]  The securing ring 306 may be configured to lock ento the wall 310
surrounding the recess 304 to secure the prosthetic device 124 between the mounting
plate 308 and the securing ring 306. The securing ring 306 may include a lock channel
314 on a sidewall of the securing ring 306 that locks with a locking structure 315 of the
wall 310. The securing ring 306 may rotate to lock to the locking structure 315. The
securing ring 306 may be configured to extend over the outer surface of the wall 310,
with the prosthetic device 124 sandwiched between the gaskets 307, 309, the securing
ring 306 and the mounting plate 308. The securing ring 306 may be unlocked from
locking structure 315 and removed from the mounting plate 308 to release the prosthetic

device 124 from the retainer 302.

[0045] The wall 118 and internal cavity 300 of the test chamber 102 are shown in

FIG. 3. The wall 118 may have a cylindrical shape extending around the internal cavity
300. The internal cavity 300 may comprise a portion of the flow channel 105 for the test
fluid to flow through. As shown, the wall 118 may be optically transparent or otherwise

light transmissive such that the contents of the internal cavity 300 are visible from
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outside of the test chamber 102. The test chamber 102 may comprise a viewing chamber
for viewing the prosthetic device 124. In an embodiment in which the prosthetic device
124 is a prosthetic heart valve, the leaflets and coaptation of the leaflets of the
prosthetic heart valve may be visible through the wall 118 and may be viewed with
cameras of a camera system of the testing apparatus 100. The wall 118 may include the
opening 122 at the second opposite end of the test chamber 102 for fluid communication

with the adjacent portion of the flow channel 105.

[0046] The wall 118 may include a seal 316 at a first end for sealing the connection
of the wall 118 with an adjacent mount surface of the testing apparatus 100, and may
include a seal 318 at an opposite second end of the wall 118 for sealing a connection with

the mounting plate 308.

[0047] In assembly, the gasket 307 may be inserted into the recess 304 of the
mounting plate 308 and then the prosthetic device 124 may be inserted into the recess
304. The gasket 309 may then be placed upon the prosthetic device 124. The securing
ring 306 may be coupled to the locking structure 315 of the wall 118 to secure the
prosthetic device 124 in position to the mounting plate 308. The wall 118 of the test
chamber 102 may then be coupled to the mounting plate 308 with the prosthetic device
124 positioned within the internal cavity 300. The wall 118 may be coupled to the
mounting plate 308 by being slid axially towards the mounting plate 308 and then
rotated to lock with the locking structure 315. The prosthetic device 124 may be
surrounded by the wall 118 and may be visible through the wall 118. Upon insertion of
the test chamber 102 between the fluid conduits 103, 104, fluid flow may pass through
the prosthetic device 124 through the openings 120, 312 and opening 122. To remove the
prosthetic device 124, the wall 118 of the test chamber 102 may be removed from the
mounting plate 308. The wall 118 may be removed from the mounting plate 308 by
being rotated to unlock with the locking structure 315 and being slid axially away from
the mounting plate 308. With the wall 118 removed from the mounting plate 308, the
securing ring 306 may be uncoupled from the locking structure 315 of the wall 310. The
prosthetic device 124 may accordingly be removed from the retainer 302. A different

prosthetic device 124 may then be coupled to the retainer 302 for testing.

[0048]  The test chamber 102 may be configured for a particular type of prosthetic
device. For example, the size and shape of the retainer 302 may be set for a particular
size or shape of prosthetic device. The particular test chamber to be utilized may be

determined based on the type of prosthetic device to be tested. In one embodiment, the

Date Regue/Date Received 2022-12-13



-8-

test chamber 102 may have a different configuration than shown. For example, the size
and shape of the test chamber may vary, or in one embodiment, the test chamber may

not be separable from the remainder of the testing apparatus 100.

[0049] The test chamber 102 may comprise a unit for insertion into a mount of the
testing apparatus 100. The wall 118, mounting plate 308, and retainer 302 (marked in
FIG. 3), with the prosthetic device 124 positioned therein, may comprise a unit, as
shown in FIG. 4. The mounting plate 308 may be locked to the wall 118 as discussed
previously. The unit may be configured to be coupled to the mount, and may also be
configured to be separable from the mount of the testing apparatus 100 and the fluid
conduits 103, 104 of the testing apparatus 100.

[0050] FIG. 4 illustrates a perspective view of an implantation of the testing
apparatus 100 in an opened configuration. The testing apparatus 100 in the opened
configuration may have a portion open to allow for coupling of the test chamber 102 to
the fluid conduits 103, 104. The testing apparatus 100 in the opened configuration may
include a gap 412 positioned between a mount 400 and a mount 408 to accommodate the
test chamber 102. The fluid conduits 103, 104 in FIG. 4 are shown to be separated from
each other in the opened configuration to allow for insertion of the test chamber 102
therebetween. The test chamber 102 is shown being inserted into the mount 400 of the

testing apparatus for coupling to the conduit 103.

[0051] The mount 400 may be positioned at an end portion of the conduit 103. The
mount 400 may be configured to couple with the test chamber 102 and couple the test
chamber 102 to the fluid conduit 103. The mount 400 may include a mount surface 402
and a receiver 404 for receiving the test chamber 102. The mount surface 402 may
comprise a surface for contacting the mounting plate 308 when the test chamber 102 is
inserted into the mount 400. The mount surface 402 may include an opening 406 for
passing fluid through the opening 120 of the mounting plate 308 when the test chamber
102 is inserted into the mount 400 of the testing apparatus.

[0052]  The receiver 404 may comprise a slot for receiving the test chamber 102. The
mounting plate 308 of the test chamber 102 may slide into the slot to couple the test
chamber 102 to the receiver 404 and accordingly couple the test chamber 102 to the fluid
conduit 103.

[0053] The mount 408 may be positioned at the opposite end of the test chamber 102

from the mount 400. The mount 408 may be positioned at an end portion of the conduit
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104. The mount 408 is more clearly shown in FIG. 10 in a front perspective view.
Referring to FIG. 10, the mount 408 may include a mount surface 1000 and an opening
1002. The mount surface 1000 may be configured to press against the wall 118 of the
test chamber 102 and seal with the seal 316 of the wall 118. The opening 1002 may be
configured to pass fluid through the opening 122 of the wall 118,

[06054] Referring back to FIG. 4, the mount 400, fluid conduit 103, and test chamber
102 may be configured to slide relative to the fluid conduit 104 and the mount 408. The
test chamber 102, when coupled to the mount 400, may be configured to slide towards
the mount 408 to seal with the mount surface 1000 of the mount 408 and move the
testing apparatus 100 to a closed configuration. The mount 400, fluid conduit 103, and
test chamber 102 may be configured to slide along a slide structure such as a rail 410
towards the mount 408. The rail 410 may be coupled to a support structure 411 of the
testing apparatus 100, such that the mount 400, fluid conduit 103, and test chamber 102

may move relative to the support structure 411 along the rail 410.

[0055] FIG. 5 illustrates a side view of the testing apparatus 100 in the opened
configuration, with the test chamber 102 coupled to the mount 400. The mount 400 and
test chamber 102 are positioned away from the mount 408 with a gap 412 between the
test chamber 102 and the mount 408.

[00568] FIG. 6 illustrates a perspective view of the test chamber 102 coupled to the

mount 400 with the testing apparatus 100 in the opened configuration.

[0057] Upon the test chamber 102 being coupled te the mount 400, the test chamber
102, fluid conduit 103, and meunt 400 may be slid towards the mount 408 along the rail
410.

[0058] FIG. 7 illustrates a side view of the test chamber 102 having been slid
towards the mount 408 and in position for testing. The testing apparatus 100 is in a
closed configuration, with the gap 412 having been closed. A piston 700 or other actuator
device for moving the mount 400, fluid conduit 103, and test chamber 102 to the mount
408 may be utilized. The test chamber 102 may seal with the mount surface 1000 of the
mount 408 via the force of the piston 700 driving the test chamber 102 towards the

mount surface 1000 and pressing the test chamber 102 against the mount surface 1000.

[0059] Upon the mount 400, fluid conduit 103, and test chamber 102 being slid
towards the mount 408, the flow channel 105 may be filled with test fluid. Referring to
FIG. 1, the flow channel 105 may be filled in a process in which the fluid drivers 106,
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108 are both initially retracted in a direction away from the test chamber 102. A storage
portion 131 of the fluid conduit 104 adjacent the fluid driver 108 may be filled with test
fluid. The test fluid may have already been present in the flow channel 105 due to prior
testing operations, and the retracted movement of the fluid driver 108 may allow the
test fluid to drain from the horizontal portion of the flow channel 105 and be stored
vertically in the storage portion 131. The fluid driver 108 may then be moved in a
direction towards the test chamber 102 to push the test fluid through a test fluid return
channel 156 to reach the opposite or upstream or inflow side of test chamber 102 with a

valve 158 of the test fluid return channel 156 remaining open.

[0060] Purge channels 162, 166 may then be utilized with purge valves 164, 168
open to fill and pressurize the flow channel 105 with test fluid. The test fluid may fill the
flow channel 105 until a desired pressure of the test fluid is provided in the flow channel
105. The flow channel 105 may be filled with test fluid until fluid sensors 178, 180 detect
a continuous flow of fluid along the purge channels 162, 166 without air bubbles. Upon
the fluid sensors 178, 180 detecting a continuous flow of fluid, the purge valves 164, 168
may be closed and pressure across the prosthetic device 124 may be allowed te equalize
through the test fluid return channel 156. The valve 158 may then be closed to allow for

a testing operation of the prosthetic device 124.

[0061] Upon a desired testing operation being performed or completed for the
prosthetic device 124, the purge valves 164, 168 may be opened to allow air to enter the
flow channel 105 and the second fluid driver 108 may move to a retracted position away
from the test chamber 102 to store the test fluid within the adjacent storage portion 131
of the fluid conduit 104 and withdraw the test fluid from the remaining portion of the
flow channel 105. Upon the test fluid being withdrawn from the test chamber 102, the
test chamber 102, mount 400, and fluid conduit 103 may be slid away from the mount
408 with the testing apparatus 100 moving to the opened configuration as shown in
FIGS. 5 and 6. The test chamber 102 may then be removed from the receiver 404 shown
in FIG. 4, and the prosthetic device 124 may be removed {rom the test chamber 102. A
different prosthetic device may be inserted into the test chamber 102 for testing, or a
different test chamber 102 may be utilized, and the process may start again. In one
embodiment, the test fluid may be drained entirely from the flow channel 105 via the

purge channels 162, 166 or another conduit or valve.

[0062] Referring to FIG. 1, the fluid conduits 103, 104 may define a flow channel 105
having a first end portion 126 and a second end portion 128. A portion 130 of the flow
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channel 105 may be bent to allow a camera 132 to have an axial view of the prosthetic
device 124 without the fluid driver 108 impeding the view of the prosthetic device 124.
The portion 130 of the flow channel may bend to form a vertical portion that serves as
the storage portion 131 of the test fluid when the testing is completed or not occurring.
The vertical orientation of the storage portion 131 may allow the portion 131 to retain
the test fluid without the test fluid passing through the remaining horizontal portion of
the flow channel 105 or the test chamber 102. In other embodiments, the flow channel
105 may have different configurations. For example, the entirety of the flow channel 105
may have a straightened configuration, or in one embodiment the entirety of the flow

channel 105 may be configured to be positioned vertically, among other configurations.

[0063] The flow channel 105 may be configured to hold the test fluid and have the
test fluid flow through the flow channel 105 from the first end portion 126 to the second
end portion 128. The flow channel 105 may allow for fluid flow through the prosthetic
device 124 and the internal cavity 300 of the test chamber 102. The flow channel 105
may be configured to be sealed in use, such that a defined amount of test fluid may be
present in the flow channel 105 during use of the testing apparatus 100. Preferably, the
flow channel 105 is entirely filled with test fluid between the fluid drivers 106, 108
during use of the testing apparatus 100. The flow channel 105 preferably has a static
volume, such that no compliant or other flexible portions of the flow channel 105 allow
the volume of the flow channel 105 to increase when the flow channel 105 is filled with
test fluid. As discussed previously, the test fluid may be pressurized in the flow channel
105 such that the entire volume of the flow channel 105 is filled with test fluid and no

air bubbles or a minimal number of air bubbles are present in the flow channel 105.

[0064]  The first fluid driver 106 may be coupled to the first end portion 126 of the
flow channel 105 and positioned at the first end portion 126 of the flow channel 105 and
may include a piston 134, a motor 136, and a position sensor 138. The first fluid driver
106 may be configured to move to flow the test fluid through the prosthetic device 124 in
an outflow direction (or downstream direction) of the prosthetic device 124, and may be
configured to provide a pressure of the test fluid on an inflow side (or upstream side) of
the prosthetic device 124. The piston 134 may be positioned in the fluid conduit 103 and
configured to displace the test fluid via the volume of the piston and drive test fluid
within the flow channel 105 by applying a force to the test fluid. The piston 134 may
have a known geometry, such that a known displacement of the test fluid is provided

based on the position of the piston 134 within the fluid conduit 103. The piston 134 may
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be sealed within the fluid conduit 103 to prevent the test fluid from exiting the fluid
conduit 103. The piston 134 may have the configuration of a rod extending within the
fluid conduit 103, with a seal of the fluid conduit 103 at the back end of the piston 134 to
prevent the test fluid from exiting the back end of the fluid conduit 103. In such an
embodiment, the volume of the piston 134 present within the fluid conduit 103 defines
the displacement volume of the test fluid. In one embodiment, the piston 134 may have
a configuration of a piston head and stem extending within the fluid conduit 103, as

shown in FIG. 1.

[0065] The motor 136 may comprise a linear motor, or may comprise another form of
motor as desired. The motor 136 may be configured to move the piston 134 and cause
the piston 134 to apply a force to the test fluid. In embodiments, the motor 136 may
have an accuracy to move the piston 134 on the order of microns. In other embodiments,

other ranges of accuracy may be utilized.

[0066] The position sensor 138 may be configured to determine the position of the
piston 134. The position sensor 138 may be utilized with the motor 136 to provide a
reading of the position of the piston 134 upon the motor 136 moving the piston 134. In
one embodiment, the position sensor 138 may comprise a drive encoder. The position
sensor 138 may be configured to determine a speed of the movement of the piston 134

based on the readings of position.

[0067] In other embodiments, the first fluid driver 106 may have a different form, for
example another form of fluid driver for displacing fluid may be utilized, such as a
bellows or a diaphragm. In one embodiment, the first fluid driver 106 may comprise an
impeller or the like if the displacement of the test fluid provided by the impeller may be

determined.

[0068] The second fluid driver 108 may be coupled to the second end portion 128 of
the flow channel 105 and positioned at the second end portion 128 of the flow channel
105. The second fluid driver 108 may include a piston 144, a motor 146, and a position
sensor 148, which may each be configured similarly as the respective piston 134, motor
136, and position sensor 138 of the first fluid driver 106. The dimensions of the piston
144 may vary from the dimensions of the piston 134 in embodiments. The second fluid
driver 108 may be configured to move to flow the test fluid through the prosthetic device
124 in the outflow direction (or downstream direction) of the prosthetic device 124 by

being retracted in a direction away from the test chamber 102, and may be configured to
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provide a pressure of the test fluid on an outflow side (or downstream side) of the

prosthetic device 124.

[0069]  The first fluid driver 106 and the second fluid driver 108 may be positioned at
opposite ends of the flow channel 105 and may be configured to apply a force to the test

fluid in the flow channel 105 in opposite directions.

[0070] The first fluid driver 106 and the second fluid driver 108 may be configured to
move in coordination with the respective other fluid driver 108, 106. The test fluid may
be incompressible, and as such, the second fluid driver 108 must move to allow a flow of
the test fluid through the prosthetic device 124 upon movement of the first fluid driver
106. The second fluid driver 108 may move to displace an equal and opposite amount of
test fluid within the flow channel 105 to allow for fluid flow through the prosthetic
device 124. A possible variation in the dimensions of the pistons 134, 144 may be
accounted for to allow for an equal and opposite displacement of test fluid within the

flow channel 105.

[0071] In an embodiment in which test fluid flows through the prosthetic device 124
in the rightward direction (as shown in FIG. 1), the first fluid driver 106 may be
considered to be positioned on the upstream or inflow side of the prosthetic device 124
and the second fluid driver 108 may be considered to be positioned on the downstream or
outflow side of the prosthetic device 124. The first fluid driver 106 may drive test fluid
through the prosthetic device 124 in the rightward direction until all the test fluid
passes through the prosthetic device 124, or until the desired testing operation has
occurred or completed. The testing apparatus 100 may accordingly utilize the test fluid
return channel 156 to pass test fluid back to the upstream side of the prosthetic device
124. The test fluid return channel 156 may include a valve 158 to allow or prevent fluid
flow through the test fluid return channel 156. The test fluid return channel 156 may
include a flow restrictor 160 to set a desired amount of return flow to the upstream side
of the prosthetic device 124. The valve 158 may remain closed during testing of the
prosthetic device 124. As discussed, the test fluid return channel 156 may also be
utilized in a filling process of the flow channel 105 with test fluid, to equalize pressure

on both sides of the prosthetic device 124.

[0072]  The first pressure sensor 110 may be configured to determine a pressure of
the test fluid between the first fluid driver 106 and the prosthetic device 124 within the
flow channel 105. The second pressure sensor 112 may be configured to determine a

pressure of the test fluid between the second fluid driver 108 and the prosthetic device
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124 within the flow channel 105. In an embodiment in which test fluid flows through the
prosthetic device 124 in the rightward direction (as shown in FIG. 1), the first pressure
sensor 110 may be considered to determine a pressure of the test fluid on the upstream
or inflow side of the prosthetic device 124 and the second pressure sensor 112 may be
considered to determine a pressure of the test fluid on the downstream or outflow side of

the prosthetic device 124.

[0073]  The testing apparatus 100 may include a purge channel 162 configured to fill
and purge test fluid in the flow channel 105 between the first fluid driver 106 and the
prosthetic device 124. A valve 164 may be configured to control flow through the purge
channel 162. A purge channel 166 may be configured to fill and purge test fluid in the
flow channel 105 between the second fluid driver 108 and the prosthetic device 124. A
valve 168 may be configured to control flow through the purge channel 166. The testing
apparatus 100 may include a back pressure accumulator 170 and a back pressure relief
valve 172 to reduce excessive fluid pressure in the flow channel 105. As discussed, the
purge channels 162, 166 may be utilized to fill the flow channel 105 with a desired
amount of test fluid, and may be utilized to evacuate air bubbles from the flow channel

105.

[0074]  The testing apparatus 100 may include a catch basin 174 and a fluid
container 176 for receiving fluid from the flow channel 105. The fluid may fall to the
fluid container 176 upon the test chamber 102 being slid or retracted from the mount

408.

[0075]  The testing apparatus 100 may include a fluid sensor 178 configured to
determine the presence of fluid in the flow channel 105 between the first fluid driver 106
and the prosthetic device 124. The testing apparatus 100 may include a fluid sensor 180
configured to determine the presence of fluid in the flow channel 105 between the second
fluid driver 108 and the prosthetic device 124. In one embodiment, the fluid sensors 178,
180 may be positioned in line with the respective purge channels 162, 166 before the
respective valves 164, 168. As discussed, the fluid sensors 178, 180 may be utilized to
determine when the flow channel 105 is entirely filled with test fluid and the air within

the flow channel 105 has been removed.

[0076]  The testing apparatus 100 may include a camera system for viewing the
prosthetic device 124 within the test chamber 102. The camera system may include an
axial camera 132 for viewing the prosthetic device 124 along its axis or the axis of the

flow channel 105. The axial camera 132 may be coupled to an endoscope 182. The
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endoscope 182 may pass through the outer surface of the fluid conduit 104 and may be
positioned within the flow channel 105. The endoscope may allow the axial camera 132
to view within the flow channel 105 and may include one or more lights for lighting the
view of the axial camera 132. FIG. 9 illustrates a perspective view of the axial camera
132 and endescope 182. The axial camera 132 may couple to a camera controller 900
that may be configured to provide power and controls to the axial camera 132 and may

provide the lighting for the endoscope 182.

[0077]  Referring back to FIG. 1, the camera system may include one or more side
cameras 184 for viewing a side of the prosthetic device 124. The one or more side
cameras 184 may be positioned on a side of the test chamber 102. FIG. 4 illustrates the
position of side camera 184, as well as side cameras 414, 416. The side cameras 184,
414, 416 may be fixed to one or more camera mounts 418, 420. The camera mounts 418,
420 may be fixed in position, or may be configured to move axially or radially relative to
the test chamber 102. In the embodiment shown in FIG. 4, one or more of the side
cameras 184, 414, 416 may view the prosthetic device via mirrors positioned around the

test chamber 102.

[0078] The camera system may include one or more lights 422. The one or more
lights 422 may be configured to be positioned around the test chamber 102 and may be
configured to shine light upon the prosthetic device 124. FIG. 10, for example, illustrates
a perspective view of the lights 422 coupled to a ring 1004 for positioning around the
test chamber 102. The ring 1004 may be positioned around the mount surface 1000 of
the mount 408 with the lights 422 angled to shine towards the prosthetic device 124.

[0079] FIG. 2 illustrates a perspective view of an implementation of the testing
apparatus 100. The support structure 200 may retain the components of the testing
apparatus 100 in pesition, and may include a frame for retaining the components of the
testing apparatus 100. The support structure 200 may include a working surface 204 for
a user to utilize when operating the testing apparatus 100. The support structure 200
may include wheels 206 such that the testing apparatus 100 is movable and portable if

desired.

[0080] The control terminal 202 may include a display screen 208 and an input
terminal 210. The display screen 208 may display features of operation of the testing
apparatus 100 and properties of the prosthetic device 124, and may be configured for a

user to utilize to provide input to the testing apparatus 100 (via a touchscreen or the
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like). The input terminal 210 may comprise a keyboard or other input terminal for a

user to utilize to provide input to the testing apparatus 100.

[0081] FIG. 8 illustrates a perspective view of an implementation of a portion of the

testing apparatus 100.

[0082] FIG. 11 illustrates a schematic view of the controller 114. The controller 114
may be utilized to control the operation of the testing apparatus 100 and may be utilized
to process and provide an output of the operation of the testing apparatus 100. For
example, the controller 114 may be configured to move the first fluid driver 106 and the
second fluid driver 108 to flow the test fluid through the prosthetic device 124 in the
outflow direction (or downstream direction) of the prosthetic device 124 when the
prosthetic device 124 is in an open state. The controller 114 may be configured to
operate the first fluid driver 106 to provide a pressure profile of the test fluid on the
inflow side (or upstream side) of the prosthetic device 124 when the prosthetic device
124 is in a closed state. The controller 114 may be configured to operate the second fluid
driver 108 to provide a pressure profile of the test fluid on the outflow side (or
downstream side) of the prosthetic device 124 when the prosthetic device 124 is in a
closed state. The controller 114 may be configured to move the first fluid driver 106 and
the second fluid driver 108 to provide pulsatile flow through the prosthetic device 124.

The controller 114 may provide other operations of the testing apparatus 100.

[0083] Referring to FIG. 11, the controller 114 may include a processor 1100, a
memory 1102, an input 1104, and an output 1106. The processor 1100 may comprise one
or more microprocessors, or may comprise anether form of processor as desired. The
processor 1100 may be configured to process and execute the operations of the controller
114 and the testing apparatus 100, and may be configured to process and provide an
output of the operation of the testing apparatus 100. For example, the processor 1100
may be configured to execute the testing operations of the testing apparatus 100,
including the operations of the fluid drivers 106, 108. The processor 1100 may be
configured to operate the fluid drivers 106, 108 according to testing profiles of the
testing apparatus 100, for example, according to the displacement models 1302, 1502,
pressure models 1308, 1508, and one or more pressure targets 1318, 1518 represented in
FIGS. 13 and 15. The processor 1100 may be configured to operate the fluid drivers 106,
108 according to the corrective adjustments 1322, 1522 represented in FIGS. 13 and 15.
The processor 1100 may be configured to receive output signals from sensors, such as

the position sensors 138, 148, and pressure sensors 110, 112 and process such signals
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and provide an output of a property of the prosthetic device being tested. The processor
1100 may be configured to operate the filling of test fluid within the flow channel 105,
and may be configured to operate the movement of the testing apparatus 100 from the
opened configuration to the closed configuration. In one embodiment, the processor 1100
may be configured to operate the camera system of the testing apparatus 100, including
processing the images of the camera system and providing a determination of properties
of the prosthetic device shown in the images, including the properties of leaflets of a
prosthetic valve such as coaptation. Other processing operations may be provided by the
processor, including the operations disclosed herein. In one embodiment, the processor
may be positioned remotely from the testing apparatus 100 or may be configured in a
network or cloud computing configuration, or in ene embodiment may physically be

within a controller body coupled to the testing apparatus 100.

[0084] The memory 1102 may be configured to store information for use by the
processor 1100 and the testing apparatus 100. The memory 1102 may comprise a hard
drive, RAM, ROM, or other form of memory. The memory 1102 may be configured to
store non-transitory data therein. The memory 1102 may comprise a solid state memory
or other form of memory. In one embodiment, the memory 1102 may be positioned
remotely from the testing apparatus, and similar to the processor 1100, may be
configured in a network or cloud computing configuration, or in one embodiment may

physically be within a controller body coupled to the testing apparatus 100.

[0085] The information stored in the memory 1102 may include properties of the
prosthetic device 124, and may include testing profiles for testing the prosthetic device
124. The testing profiles, for example, may include the displacement models 1302, 1502,
pressure models 1308, 1508, or one or more pressure targets 1318, 1518 represented in
FIGS. 13 and 15. The memory 1102 may also be configured to store the corrective
adjustments 1322, 1522 represented in FIGS. 13 and 15. Other information, such as
other parameters including feedback parameters, for operation of the testing apparatus
100 may be stored by the memory 1102. Testing profiles for operating the camera
system and processing the images of the camera system may be stored in the memory

1102, including calibration scalings.

[0086] The information stored in the memory 1102 may be matched to the type of
prosthetic device 124 being tested by the testing apparatus 100. For example, a
particular type of prosthetic device 124 being tested may result in a particular testing

profile being utilized by the testing apparatus 100. Multiple testing profiles or other
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parameters may be stored in the memory 1102, each corresponding to a type of
prosthetic device 124. The processor 1100 may be configured to retrieve the testing
profile or other parameters for testing a particular type of prosthetic device 124 being

tested.

[0087] The input 1104 may be configured to receive an input from an input device.
The input 1104 may comprise a variety of inputs, including an analog input, digital
input, Ethernet input, among other forms of input. The input device may comprise the
control terminal 202, or another form of input device such as a barcode scanner 1108 or
input terminal 210. The input device may be utilized by a user to indicate an operation
to be performed by the testing apparatus 100. For example, the barcode scanner 1108
may be utilized to scan a code corresponding to the prosthetic device 124 to be tested.
The scanned code may indicate the type of prosthetic device 124 and may be utilized to
retrieve the testing profile or other parameter for the particular type of prosthetic device
124 from the memory 1102. Such an input may also be provided at the control terminal
202. The input may also include a variation of the testing profile or other parameter to
be provided. For example, a user may determine that a modification of a testing profile
be provided, and may input that request to the controller 114 via the input 1104. The
input may also be utilized for manual input of a testing cycle (for example, a start or
finish of a testing cycle) and manual input of the type of the prosthetic device being
tested, or manual input of other operations of the testing apparatus 100 (for example

moving the testing apparatus 100 between opened and closed configurations).

[0088] The controller 114 may be configured to receive an input from any or all of the
components of the testing apparatus 100, including the pressure sensors, the cameras,
the fluid drivers, the position sensors, or the liquid sensors, among other components.
The input may comprise a signal from any of the components. The controller 114 may be
configured to process the signal provided from the components, for example, the
controller 114 may be configured to determine a movement of the fluid drivers 106, 108
based on a signal from the respective position sensors 138, 148. The controller 114 may
be configured to output a signal (which may include a control signal) to any or all of the
components of the testing apparatus 100, including the pressure sensors, the cameras,
the fluid drivers, the position sensors, or the liquid sensors, among other components.
The controller 114 may also be configured to receive input and provide output regarding

the filling of the flow channel 105. For example, the controller 114 may be configured to
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automatically fill the flow channel 105 and operate the piston 700 to move the testing

apparatus between the opened configuration and the closed configuration.

[0089] The output 1106 may comprise a property of the prosthetic device 124, or a
property of the testing of prosthetic device 124. The output 1106, for example, may
indicate a property of the prosthetic device 124 being tested, such as effective orifice
area (EOA) of the prosthetic device 124. Other testing results, such as other flow
properties, may be provided by the output 1106. The output 1106 may output the results
of processing performed by the controller 114. The output 1106 may indicate the testing
of the prosthetic device 124, such as the current state of operation of the testing. The
output 1106 may also be utilized to provide a signal (which may include a control signal)
to any or all of the components of the testing apparatus 100, including the pressure
sensors, the cameras, the fluid drivers, the position sensors, or the liquid sensors, among

other components.

[0090] The output 1106 may be provided to the control terminal 202 for viewing by
the user. In one embodiment, the output 1106 may be provided to another display screen
as desired. In one embodiment, the output 1106 may be provided to an indicator 1110,
which may include an indicator light or the like. The indicator 1110 may flash a certain
color, or provide another form of display to indicate a property of the property of the
prosthetic device 124, or a property of the testing of prosthetic device 124. For example,
if the prosthetic device 124 is found to have passed the testing process, then a green
light may illuminate, and if the prosthetic device 124 is found to have failed the testing
process, then a red light may illuminate. The memory 1102 may store threshold values
for the properties of the prosthetic device 124, and if the prosthetic device 124 is found
to violate one or more of those threshold values, the control 144 may output an
indication (via the indicator 1110 or the like) that one or more properties of the

prosthetic device 124 have not been met.

[0091] The controller 114 may comprise an apparatus that is separate from the
control terminal 202, or may comprise a portion of the control terminal 202. In one
embodiment, the controller 114 may be positioned remotely for remote operation of the
testing apparatus 100. Any component of the controller 114 may be positioned remotely
as desired. The controller 114 may include dedicated components for performing the
operations disclosed herein. For example, a dedicated image processor may be provided
by the controller for processing the images of the prosthetic device. In other

embodiments, the controller 114 may have a different configuration than shown in FIG.
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11. The controller 114 may include a single controller or multiple controllers. For
example, the controller 900 shown in FIG. 9 and controller 114 shown in FIG. 11 may be

considered together to constitute a single controller.

[0092] FIG. 12 illustrates a pressure and flow rate chart illustrating an operation of
the testing apparatus 100 according to an embodiment of the present disclosure. The
pressure and flow rate chart may be read in conjunction with the process chart shown in
FIG. 13.

[0093]  The testing apparatus 100 may be utilized to perform flow testing of
prosthetic devices, and may be utilized to identify leakage of a prosthetic device. The
testing apparatus 100 may be utilized to test prosthetic valves. The valves may be tested
under pulsatile conditions that may mimic physiological conditions. The valves may
comprise prosthetic heart valves, and the physiological conditions may mimic the

operation of a heart.

[0094]  The testing apparatus 100 may be configured to produce systolic and diastolic
conditions to provide measurements of properties of the prosthetic heart valve. Such
properties may include flow properties such as effective orifice area (EOA), and may
include a measurement of the coaptation of the valve leaflets. Such properties may
include an identification of leakage of the valve and a determination of the amount of
leakage, and may include an average and/or standard deviation of any of the properties
of the valve. A pressure gradient of the valve may be determined, and other

hydrodynamic measurements of the valve may be provided.

[0095] The testing apparatus 100 may be configured to perform flow testing of
prosthetic aortic heart valves, and may be utilized to identify and determine an amount
of leakage of a prosthetic aortic heart valve. Testing of prosthetic aortic heart valves is
disclosed in regard to FIGS. 12 and 13. The pulsatile conditions may mimic the

physiological conditions applied to an aortic heart valve in the human heart.

[0096]  The testing apparatus 100 may operate the fluid drivers 106, 108 to pass fluid
through the prosthetic aortic heart valve, which may be positioned within the testing
apparatus 100 in a similar manner as the prosthetic device 124. The controller 114
marked in FIG. 1 may be utilized to operate the testing apparatus 100 and provide the
process shown in FIGS. 12 and 13 and resulting outputs. The processor of the controller
114, or other components of the controller may be utilized to operate the testing

apparatus 100 and provide the process shown in FIGS. 12 and 13 and resulting outputs,
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and may utilize a software method or other method to operate the testing apparatus 100

and provide the process shown in FIGS. 12 and 13 and resulting outputs.

[0097]  The prosthetic aortic heart valve may be configured to pass fluid from the
upstream position (or inflow side) discussed in regard to FIG. 1 to the downstream

position (or outflow side).

[0098] Under testing of the prosthetic aortic heart valve, the first fluid driver 106
may be considered a ventricular fluid driver, and the second fluid driver 108 may be
considered an aortic fluid driver. The first pressure sensor 110 may be configured to
determine the ventricular pressure (or pressure on the inflow side), and the second
pressure sensor 112 may be configured to determine the aortic pressure (or pressure on

the outflow side).

[0099]  The testing apparatus 100 may operate as follows. Referring to FIG. 12, a
start (indicated by line 1200) of a systole phase may initiate a rise in pressure on the
ventricular side of the prosthetic aortic heart valve. During all of the systole phase of
operation, the aortic heart valve may be in an opened state, with the valve opened to

pass test fluid therethrough in the outflow direction.

[0100] Referring to FIG. 13, the operation under the systole phase may start with a
displacement model 1302 being provided to the first fluid driver 106 (the ventricular
fluid driver) and to the second fluid driver 108 (the aortic fluid driver). The displacement
model 1302 may be smoothed by a spline generator 1304 prior to being received by the
first fluid driver 106 and the second fluid driver 108. The displacement model 1302 may
indicate a prescribed movement for the first fluid driver 106 and for the second fluid
driver 108. The first fluid driver 106 (the ventricular fluid driver) may operate based on
the displacement model 1302. As such, the first fluid driver 106 follows a prescribed
movement of position and speed based on the displacement model 1302. The
displacement model 1302 may indicate the amount of displacement of the first fluid
driver 106 (for example, the displacement of the piston 134 of the first fluid driver) as
well as the timing of the displacement (for example, the speed at which the piston 134
moves). A feedback control 1303 may be provided to the first fluid driver 106 based on
feedback from the position sensor 138 of the first fluid driver 106. The position sensor
138 may be configured to provide the position and movement (e.g, speed of movement)

of the first fluid driver 106 (including the piston 134 of the first fluid driver).
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[0101] During the systole phase, the feedback control 1303 may utilize feedback
parameters 1306 that are configured for use by the feedback control 1303 during the
systole phase. The feedback parameters 1308 may be utilized by the feedback control
1303 to indicate whether the first fluid driver 106 is following the prescribed
displacement model 1302 and to provide feedback to allow the first fluid driver 106 to
follow the displacement model 1302. The feedback control 1303 may comprise a PID

control and the feedback parameters 1306 may comprise PID parameters.

[0102] During the systole phase, the pressure on the upstream or inflow side of the
valve may be determined via the first pressure sensor 110. However, feedback from the
first pressure sensor 110 is not provided to the first fluid driver 106 during the systole
phase, and the first fluid driver 106 may net operate based on a pressure model or one
or more pressure targets during the systole phase. Rather, the first fluid driver 106
operates to provide flow through the prosthetic aortic heart valve in the outflow
direction. The pressure profile 1204 shown in FIG. 12 may remain an artifact of the

prescribed movement of the first fluid driver 106.

[0103] Referring to FIG. 13, the second fluid driver 108 (the aortic fluid driver)
under the systole phase may receive the input from the displacement model 1302. The
second fluid driver 108 may be configured to follow the displacement model 1302 to

allow for a desired flow through the prosthetic aortic heart valve.

[0104] The second fluid driver 108, however, may also receive input from a pressure
model 1308. The controller 114 accordingly is configured to move the second fluid driver
108 based on a pressure model 1308 when the prosthetic aortic heart valve is in an open
state. The input from the pressure model 1308 may be smoothed by a spline generator
1310. The pressure model 1308 may comprise one or more pressures to be provided by
the second fluid driver 108. The pressure may be provided by the second fluid driver 108
moving out of sync (asynchronously) with the first fluid driver 106 to cause the second
fluid driver 108 to apply a pressure to the test fluid. Referring to FIG. 12, the pressure
model 1308 may define a pressure profile 1202 (shown in dashed lines) for the second
fluid driver 108 to provide on the aortic side (or outflow side) of the prosthetic aortic
heart valve during the systole phase. The pressure profile 1202 may comprise a back
pressure to be provided by the second fluid driver 108 during the systole phase, and may
mimic a physiological back pressure profile provided by the human heart during the

systole phase. The controller 114 may be configured to operate the second fluid driver
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108 to provide a back pressure profile of the test fluid on the outflow side of the

prosthetic aortic heart valve when the aortic heart valve is in the open state.

[0105] The input from the smoothed pressure model 1308 may be provided to a
feedback control 1312. The feedback control 1312 may receive input from the second
pressure sensor 112. The input from the second pressure sensor 112 may be provided to
the feedback control 1312 to allow for feedback regarding the pressure on the aortic side
(or outflow side) of the aortic heart valve. The feedback control 1312 may utilize
feedback parameters 1313 that are configured for use by the feedback control 1312. The
feedback control 1312 may comprise a PID control and the feedback parameters 1313

may comprise PID parameters.

[0106] The feedback from the second pressure sensor 112 may be utilized to allow
the second fluid driver 108 to provide the desired pressure profile 1202 on the aortic side
(or outflow side) of the aortic heart valve, and control the movement of the second fluid
driver 108 to provide the desired pressure profile 1202. The second fluid driver 108 may

move asynchronously with the first fluid driver 106 to provide the pressure profile 1202.

[0107]  The output of the feedback control 1312 may be combined with the prescribed
movement of the displacement model 1302 and input to a feedback control 1315 of the
second fluid driver 108. A scaling factor 1317 may be utilized to set the proportionate
value of the feedback control 1312 compared to the value provided by the displacement
model 1302. These combined parameters may be provided to the feedback control 1315
of the second fluid driver 108.

[0108] The second fluid driver 108 may operate based on the displacement model
1302. The displacement model 1302 may indicate the displacement of the second fluid
driver 108 (for example, the displacement of the piston 144 of the second fluid driver).
The position sensor 148 may be configured to provide the position and movement (e.g.,
speed of movement) of the second fluid driver 108 (including the piston 144 of the second
fluid driver). The second fluid driver 108 may be configured to provide an opposite and
equal displacement of the test fluid to allow the test fluid to flow through the prosthetic
aortic heart valve in a prescribed manner (although in an asynchronous manner to allow
for the back pressure of the second fluid driver 108 based on the input from the feedback
control 1312). The opposite and equal displacement results because the flow channel 105
is entirely filled with test fluid, and to allow for a flow of fluid, an equal and opposite

amount of displacement by the second fluid driver 108 must be provided.
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[0109] The feedback control 1315 may be provided to the second fluid driver 108
based on feedback from the position sensor 148 of the second fluid driver 108. During
the systole phase, the feedback contrel 1315 may utilize feedback parameters 1316 that
are configured for use by the feedback control 1315 during the systole phase. The
feedback control 1315 may comprise a PID control and the feedback parameters 1316
may comprise PID parameters. The second fluid driver 108 accordingly may move based
on the displacement model 1302 to provide a desired flow through the valve and may
move based on a pressure model 1308 to provide a desired back pressure to the test fluid

of the valve, with feedback provided by the pressure sensor 112.

[0110] A corrective adjustment 1322 may be provided to the second fluid driver 108
during the systole phase to allow the second fluid driver 108 to adjust its movement to
provide a desired back pressure to the test fluid. The corrective adjustment 1322 may
comprise an additional control that is provided to the second fluid driver 108 to account
for a non-linear response of the pressure on the downstream or outflow side of the aortic
heart valve to the movement of the second fluid driver 108. As such, the feedback
controls 1315, 1312 may be unable to account for the non-linear response of the pressure
on the downstream or outflow side of the valve to the movement of the second fluid
driver 108 and the corrective adjustment 1322 may be utilized to provide the desired

back pressure.

[0111]  Referring to FIG. 12, upon operation of the first fluid driver 106 and the
second fluid driver 108 during the systole phase, the first pressure sensor 110 may be
configured to measure the pressure of the test fluid on the ventricular side (inflow side)
of the prosthetic aortic heart valve, and the second pressure sensor 112 may be
configured to measure the pressure of the test fluid on aortic side (outflow side) of the
prosthetic aortic heart valve. A pressure gradient may be determined between the
measured ventricular pressure on the inflow side (measured by the first pressure sensor
110) and the measured aortic pressure on the outflow side (measured by the second
pressure sensor 112) during the entire positive differential pressure period of the
measured ventricular pressure and the measured aortic pressure, as marked between
arrows 1206 and 1208. The controller 114 may be configured to determine, based on
measurements of the first pressure sensor 110 and the second pressure sensor 112, a
pressure differential between the test fluid on the inflow side and the test fluid on the
outflow side of the prosthetic aortic heart valve when the prosthetic aortic heart valve is

in an open state.
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[0112]  The controller 114 may be configured to determine, based on the
measurements of the first pressure sensor 110 and the second pressure sensor 112, the
time period (as shown between arrows 1206 and 1208) in which the pressure of the test

fluid on the inflow side is greater than the pressure of the test fluid on the outflow side.

[0113] The measured pressure gradient may be utilized in the following equation to
determine a property of the prosthetic aortic heart valve comprising the effective orifice

area (EOA) of the prosthetic aortic heart valve:

EOA = —Vaus _

Ap
1.6 |[=&
56p

[0114] In which:
EOA is the Effective Orifice Area (in em?);

Qvgus 1S the root mean square forward flow (in mL/s) during the positive
differential pressure period;

Ap is the mean pressure difference (measured during the positive differential
pressure period, in millimeters mercury (mmHg)); and

p is the density of the test fluid (which may be in g/cm3).

[0115] The factor qy,,, ¢ may be determined by the equation:
INCIORE
qVRMS = t2 — t1

Qg s IS ToOt mean square forward flow during the positive differential
pressure period;

[o1186] In which:

gy (t) is instantaneous flow at time (t);

f1 is time at start of positive differential pressure period (marked as line
1206); and

tzis time at end of positive differential pressure period (marked as line 1208).
[0117] The controller 114 may be configured to determine the effective orifice area
(EOA) of the prosthetic aortic heart valve based on the flow through the valve and based
on the pressure differential between the test fluid on the inflow side and the test fluid on

the outflow side of the aortic valve during the positive pressure period.

[0118]  The flow through the aortic valve may be known based on the movement of
the first fluid driver 106 and the second fluid driver 108. For example, the geometry of
the pistons 134, 144 may be known such that the displacement of the pistons 134, 144
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provided by the position sensors 138, 148 is used to determine the flow through the

aortic valve. No flow meters or other flow sensors are utilized in such a method.

[0119] The measurement of effective orifice area (EOA) may be provided as an
output upon the first instance of the systole phase occurring for the aortic heart valve,
or, upon multiple instances of the systole phase occurring or being measured for the
aortic heart valve. For example, multiple cycles of the systole phase and diastole phase
may occur before the measure of effective orifice area is provided. The measurement of
effective orifice area (EOA) may be provided as a quantitative value, and may include an

average and/or standard deviation value for the aortic heart valve.

[0120] At the conclusion of the systole phase, the testing apparatus 100 may move to
a diastolic model in which the prosthetic aortic heart valve will be in a closed state (such
that the valve leaflets are closed). Referring to FIG. 12, diastole may start at the point

indicated at line 1210 in the pressure chart. During all or a portion of the diastole phase,

the valve may be in a closed state.

[0121]  Referring to FIG. 13, to start the diastole phase, a corrective adjustment 1322
may be provided to a movement of the first fluid driver 106 and/or the second fluid
driver 108 to move the aortic heart valve from the open state to the closed state, by
rapidly varying the pressure differential such that the pressure on the downstream or
outflow side of the valve is greater than the pressure on the upstream or inflow side of
the valve. Such an operation may provide a period of backflow 1212 through the valve
(as indicated in FIG. 12).

[0122] Under the diastole phase, the first fluid driver 106 may be configured to
provide a pressure profile 1214 on the inflow side of the valve. The pressure profile 1214
may be a profile as shown in FIG. 12 or may comprise a different profile. The pressure
profile 1214 may be based on one or more set pressure targets 1318 for the test fluid on
the inflow side of the aortic heart valve to attain. The controller 114 may be configured
to operate the first fluid driver 106 to provide a pressure profile 1214 of the test fluid on
the inflow side of the aortic heart valve based on the one or more pressure targets 1318.
For example, the one or more set pressure targets 1318 may be a value such as zero
pressure, or other pressure value as desired. In the embodiment shown in FIGS. 12 and
13, the set pressure target is zero. The zero value may mimic the physiological state of
the inflow side of the aortic heart valve during diastole, although in other embodiments

other value(s) may be utilized.
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[0123]  The one or more set pressure targets 1318 may be input to a feedback control
1320, in addition to a measurement from the first pressure sensor 110 (the ventricular
or inflow side pressure sensor). The set pressure target 1318 and the input from the first
pressure sensor 110 may be provided to the first fluid driver 106 to follow. The controller
114 may be configured to operate the first fluid driver 106 to provide the pressure profile
1214 of the test fluid on the inflow side of the aortic heart valve based on feedback from
the first pressure sensor 110. The feedback control 1320 may operate according to
feedback parameters 1321. The feedback control 1320 may be a PID control and the
feedback parameters 1321 may be PID parameters.

[0124]  The feedback control 1320 may be provided to the first fluid driver 106 to
assure that the first fluid driver 106 is following the prescribed one or more set pressure

targets 1318.

[0125] The second fluid driver 108 during the diastole phase may continue to follow
the pressure model 1308. The second fluid driver 108 during diastole may be configured
to provide a pressure profile 1216 on the outflow side of the aortic heart valve. The
pressure profile may be a profile as shown in FIG. 12 or may comprise a different profile
as desired. Preferably, the pressure profile mimics a physiological pressure profile on

the outflow or aortic side of the aortic heart valve.

[0126] During the diastole phase, the first fluid driver 106 and the second fluid
driver 108 may be configured to no longer follow the displacement model, such that the
first fluid driver 106 maintains a set one or more pressure targets 1318, and the second
fluid driver 108 follows the pressure model 1308. The displacement model 1302 may be
set to a zero or null value for the diastole phase. In one embodiment, the scaling factors
1317, 1319 may be set such that the displacement model 1302 has a zero or null value
for the diastole phase. The first fluid driver 106 and second fluid driver 108, however,

may follow respective feedback parameters 1327, 1329 during the diastole phase.

[0127] During the diastole phase, corrective adjustments 1322 may be provided to
the first fluid driver 106 and the second fluid driver 108 to allow first fluid driver 106
and the second fluid driver 108 to adjust their respective movements to provide the

desired pressure to the test {fluid of the valve.

[0128] Referring to FIG. 12, a determination of coaptation of the aortic valve leaflets
may occur during diastole. The determination may occur at a set point 1218, which may

be based on a pressure measured by either of the pressure sensors 110, 112. The
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determination of coaptation may be made by operation of the camera system disclosed

herein.

[0129] During the diastole phase, with the prosthetic aortic heart valve closed, the
testing apparatus 100 may identify a leakage through the closed aortic heart valve. The
controller 114 may be configured to identify a leakage of the aortic heart valve based on
a movement of the first fluid driver 106 or the second fluid driver 108 when the aortic
heart valve is in a closed state. The leakage may be identified because the first fluid
driver 106 is providing a pressure profile 1214 on the inflow side of the aortic heart
valve, and the second fluid driver 108 is providing a pressure profile 1216 on the outflow
side of the aortic heart valve, and preferably no flow is occurring through the aortic
heart valve. The first fluid driver 106 and second fluid driver 108 are not following a
displacement model in the diastole phase. A leakage may thus be identified, and an
amount of leakage may be determined by determining movement of the first fluid driver
106 or the second fluid driver 108. The movement of the first fluid driver 106 or the
second fluid driver 108 would be caused by fluid flow through the closed valve, as the
first fluid driver 106 and second fluid driver 108 are net following a displacement model
and thus should net be providing a flow through the valve unless caused by leakage. The
position sensors 138, 148 may be utilized to provide a signal to the controller 114 to
identify movement of the fluid drivers 106, 108 and the amount and flow rate of the
leakage may be determined for the aortic heart valve during the diastole phase in which
the aortic heart valve is in the closed state based on the signals. A measure of the
leakage may be provided, which may include an average and/or standard deviation

measure of the leakage.

[0130] Referring to FIG. 13, additional feedback parameters 1323, 1325 may be
provided to the feedback controls 1303, 1315. Such feedback parameters 1323, 1325 may
be utilized when the first fluid driver 106 and the second fluid driver 108 are not being
utilized, or are in a stationary mode. The feedback parameters 1323, 1325 may be
utilized to prevent undesired movement or “humming” of the fluid drivers 106, 108 when

not in use.

[0131] In addition to testing prosthetic aortic heart valves, the testing apparatus 100
may be utilized to test prosthetic mitral heart valves. The prosthetic mitral heart valves
may be tested in a similar manner as discussed above regarding prosthetic aortic heart

valves. FIG. 14 illustrates a pressure and flow rate chart illustrating an operation of the
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testing apparatus 100. The pressure and flow rate chart may be read in conjunction with

the process chart shown in FIG. 15.

[0132] FIGS. 14 and 15 represent a method that may be utilized to test prosthetic
mitral heart valves. Similar to the methods discussed in regard to FIGS. 12 and 13, the
mitral valves may be tested under pulsatile conditions that may mimic physielogical
conditions applied to a mitral valve in the human heart. The testing apparatus 100 may
operate the fluid drivers 106, 108 to pass fluid through the prosthetic mitral valve,
which may be positioned within the testing apparatus 100 in a similar manner as the
prosthetic device 124. The controller 114 marked in FIG. 1 may be utilized to operate
the testing apparatus 100 and provide the processes shown in FIGS. 14 and 15 and the
resulting outputs. The processor of the controller 114, or other components of the
controller may be utilized to operate the testing apparatus 100 and provide the process
shown in FIGS. 14 and 15 and resulting outputs, and may utilize a software method or
other method to operate the testing apparatus 100 and provide the process shown in

FIGS. 14 and 15 and resulting outputs.

[0133]  The prosthetic mitral heart valve may be configured to pass fluid from the
upstream position (or inflow side) discussed in regard to FIG. 1 to the downstream

position (or outflow side).

[0134] Under testing of the mitral heart valve, the first fluid driver 106 may be
considered an atrial fluid driver, and the second fluid driver 108 may be considered a
ventricular fluid driver. The first pressure sensor 110 may be configured to determine
the atrial pressure (or pressure on the inflow side), and the second pressure sensor 112
may be configured to determine the ventricular pressure (or pressure on the outflow

side).

[0135]  The testing apparatus 100 may operate as follows. Referring to FIG. 14, a
start (indicated by line 1400) of a diastole phase may initiate a pressure gradient
between the atrium and ventricle (the pressure gradient is marked between lines 1402
and 1404). During all or a portion of diastole, the valve may be in an opened state, with

the valve opened to pass test fluid therethrough in the outflow direction.

[0136] Referring to FIG. 15, the operation under the diastole phase may start in a
similar manner as aortic valve testing, with a displacement model 1502 being provided
to the first fluid driver 106 (the atrial fluid driver) and to the second fluid driver 108

(the ventricular fluid driver). The displacement model 1502 may be smoothed by a spline
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generator 1504 prior to being received by the first fluid driver 106 and the second fluid
driver 108. The displacement model 1502 may indicate a prescribed movement for the

first fluid driver 106 and for the second fluid driver 108.

[0137]  The first fluid driver 106 (the atrial fluid driver) may operate based on the
displacement model 1502. As such, the first fluid driver 106 follows a prescribed
movement of position and speed based on the displacement model 1502, similar to the
operation of the first fluid driver 106 described above regarding aortic valve testing. The
displacement model 1502 may indicate the amount of displacement of the first fluid
driver 106 (for example, the displacement of the piston 134 of the first fluid driver) as
well as the timing of the displacement (for example, the speed at which the piston 134
moves). A feedback control 1503 may be provided to the first fluid driver 106 based on
feedback from the position sensor 138 of the first fluid driver 106. The position sensor
138 may be configured to provide the position and movement (e.g, speed of movement)

of the first fluid driver 106 (including the piston 134 of the first fluid driver).

[0138] During the diastole phase, the feedback control 1503 may utilize feedback
parameters 1506 that are configured for use by the feedback control 1503 during the
diastole phase. The feedback parameters 1506 may be utilized by the feedback control
1503 to indicate whether the first fluid driver 106 is following the prescribed
displacement model 1502 and to provide feedback to allow the first fluid driver 106 to
follow the displacement model 1502. The feedback control 1503 may comprise a PID

control and the feedback parameters 1506 may comprise PID parameters.

[0139] During the diastole phase, the pressure on the upstream or inflow side of the
valve may be determined via the first pressure sensor 110 during this operation.
However, similar to the systole phase of the aortic valve testing, the feedback from the
first pressure sensor 110 is not provided te the first fluid driver 106. The pressure
profile 1406 shown in FIG. 14 may remain an artifact of the prescribed movement of the

first fluid driver 106.

[0140] Referring to FIG. 15, the second fluid driver 108 (the ventricular fluid driver)
under the diastole phase may receive the input from the displacement model 1502. The
second fluid driver 108 may be configured to follow the displacement model 1502 to

allow for a desired flow through the mitral heart valve.

[o141] The second fluid driver 108, however, may also receive input from a pressure

model 1508. The controller 114 accordingly is configured to move the second fluid driver
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108 based on a pressure model 1508 when the mitral heart valve is in an open state,
similar to the operation of the second fluid driver 108 for aortic valve testing. The input
from the pressure model 1508 may be smoothed by a spline generator 1510. The
pressure model 1508 may comprise one or more pressures to be provided by the second
fluid driver 108. The pressure may be provided by the second fluid driver 108 moving
out of sync (asynchronously) with the first fluid driver 1086 to cause the second fluid
driver 108 to apply a pressure to the test fluid. Referring to FIG. 14, the pressure model
1508 may define a pressure profile 1408 (shown in solid line) for the second fluid driver
108 to provide on the ventricular side (or outflow side) of the mitral heart valve during
the diastole phase. The pressure profile 1408 may comprise a back pressure to be
provided by the second fluid driver 108 during the diastole phase, and may mimic a
physiological back pressure profile provided by the human heart during the diastole
phase. The controller 114 may be configured to operate the second fluid driver 108 to
provide a back pressure profile of the test fluid on the outflow side of the mitral heart

valve when the mitral heart valve is in the open state.

[0142]  The input from the smoothed pressure model 1508 may be provided to a
feedback control 1512. The feedback control 1512 may receive input from the second
pressure sensor 112. The input from the second pressure sensor 112 may be provided to
the feedback control 1512 to allow for feedback regarding the pressure on the
ventricular side of the mitral valve. The feedback control 1512 may utilize feedback
parameters 1513 that are configured for use by the feedback control 1512. The feedback
control 1512 may comprise a PID control and the feedback parameters 1513 may

comprise PID parameters.

[0143] The feedback from the second pressure sensor 112 may be utilized to allow
the second fluid driver 108 to provide the desired pressure profile 1408 on the
ventricular side (or outflow side) of the mitral heart valve, and control the movement of

the second fluid driver 108 to provide the desired pressure profile 1408.

[0144]  The output of the feedback control 1512 may be combined with the prescribed
movement of the displacement model 1502 and input to a feedback control 1515 of the
second fluid driver 108. A scaling factor 1517 may be utilized to set the proportionate
value of the feedback control 1512 compared to the value provided by the displacement
model 1502. These combined parameters may be provided to the feedback control 1515
of the second fluid driver 108.
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[0145] The second fluid driver 108 may operate based on the displacement model
1502. The displacement model 1502 may indicate the displacement of the second fluid
driver 108 (for example, the displacement of the piston 144 of the second fluid driver).
The position sensor 148 may be configured to provide the position and movement (e.g.,
speed of movement) of the second fluid driver 108 (including the piston 144 of the second
fluid driver). The second fluid driver 108 may be configured to provide an opposite and
equal displacement of the test fluid to allow the test fluid to flow through the mitral
valve in a prescribed manner (although in an asynchronous manner to allow for the back
pressure of the second fluid driver 108 based on the input from the feedback control
1512). The opposite and equal displacement results because the flow channel 105 is
entirely filled with test fluid, and to allow for a flow of fluid, an equal and opposite

amount of displacement by the second fluid driver 108 must be provided.

[0146]  The feedback control 1515 may be provided to the second fluid driver 108
based on feedback from the position sensor 148 of the second fluid driver 108. During
the diastole phase, the feedback control 1515 may utilize feedback parameters 1516 that
are configured for use by the feedback control 1515 during the diastole phase. The
feedback control 1515 may comprise a PID control and the feedback parameters 1516
may comprise PID parameters. The second fluid driver 108 accordingly may move based
on the displacement model 1502 to provide a desired flow through the valve and may
move based on a pressure model 1508 to provide a desired back pressure to the test fluid
of the valve, with feedback provided by the pressure sensor 112. The pressure on the
downstream or outflow side of the valve may be determined via the second pressure

sensor 112 during this operation.

[0147] A corrective adjustment 1522 may be provided to the second fluid driver 108
during the diastole phase to allow the second fluid driver 108 to adjust its movement to
provide a desired back pressure to the test fluid of the valve. The corrective adjustment
1522 may comprise an additional control that is provided to the second fluid driver 108
to account for a non-linear response of the pressure on the downstream or outflow side of
the mitral heart valve to the movement of the second fluid driver 108. As such, the
feedback controls 1515, 1512 may be unable to account for the non-linear response of the
pressure on the downstream or outflow side of the valve to the movement of the second
fluid driver 108 and the corrective adjustment 1522 may be utilized to provide the

desired back pressure.
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[0148] Upon operation of the first fluid driver 106 and the second fluid driver 108
during the diastole phase, the first pressure sensor 110 may be configured to measure
the pressure of the test fluid on the atrial side (inflow side) of the mitral heart valve,
and the second pressure sensor 112 may be configured to measure the pressure of the
test fluid on ventricular side (outflow side) of the mitral heart valve. A pressure gradient
may be determined between the measured atrial pressure on the inflow side (measured
by the first pressure sensor 110) and the measured ventricular pressure on the outflow
side (measured by the second pressure sensor 112) during the entire positive differential
pressure period of the measured atrial pressure and the measured ventricular pressure,
as marked between arrows 1402 and 1404. The controller 114 may be configured to
determine, based on measurements of the first pressure sensor 110 and the second
pressure sensor 112, a pressure differential between the test fluid on the inflow side and
the test fluid on the outflow side of the mitral valve when the mitral valve is in an open

state.

[0149]  The pressure gradient may be determined for the entire positive differential
pressure period of the measured atrial pressure and the measured ventricular pressure.
The controller 114 may be configured to determine, based on the measurements of the
first pressure sensor 110 and the second pressure sensor 112, the period in which the
pressure of the test fluid on the inflow side is greater than the pressure of the test fluid

on the outflow side.

[0150] The pressure gradient may be utilized in the equation listed below, and
discussed above, to determine effective orifice area (EOA) of the aortic valve:

A rus
Ap
p

[0151] The controller 114 may be configured to determine the effective orifice area of

EOQA =
51.6

the mitral valve based on the flow and based on the pressure differential between the
test fluid on the inflow side and the test fluid on the outflow side of the mitral valve

during the positive pressure period.

[0152]  The flow through the mitral valve may be known based on the movement of
the first fluid driver 106 and the second fluid driver 108. For example, the geometry of
the pistons 134, 144 may be known such that the displacement of the pistons 134, 144
provided by the position sensors 138, 148 is used to determine the flow through the
mitral valve. Similar to aertic valve testing, no flow meters or other flow sensors are

utilized under this method.
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[0153] The measurement of effective orifice area (EOA) may be provided as an
output upon the first instance of the diastole phase occurring for the mitral heart valve,
or upon multiple instances of the diastole phase occurring or being measured for the
mitral heart valve. For example, multiple cycles of the diastole phase and systole phase
may occur before the measure of effective orifice area is provided. The measurement of
effective orifice area (EOA) may be provided as a quantitative value, and may include an

average and/or standard deviation value for the mitral heart valve.

[0154] At the conclusion of the diastole phase, the testing apparatus 100 may move
to a systolic model in which the mitral valve will be in a closed state (such that the valve
leaflets are closed) during all or a portion of systole. Referring to FIG. 14, systole may

start at the point indicated at line 1410 in the pressure chart.

[0155] Referring to FIG. 15, to start the systole phase, a corrective adjustment 1522
may be provided to a movement of the first fluid driver 106 and/or the second fluid
driver 108 to move the mitral heart valve from the open state to the closed state, by
rapidly varying the pressure differential such that the pressure on the downstream or
outflow side of the valve is greater than the pressure on the upstream or inflow side of
the valve. Such an operation may provide a period of backflow 1412 through the valve
(as indicated in FIG. 14).

[0156] Under the systole phase, the first fluid driver 106 may be configured to
provide a pressure profile 1414 on the inflow side of the valve. The pressure profile 1414
may be a profile as shown in FIG. 14 or may comprise a different profile. The pressure
profile 1414 may be based on one or more set pressure targets 1518 for the test fluid on
the inflow side of the mitral valve to attain. The controller 114 may be configured to
operate the first fluid driver 106 to provide a pressure profile 1414 of the test fluid en
the inflow side of the mitral heart valve based on one or more pressure targets. For
example, the one or more set pressure targets 1518 may have a pressure value as
desired. In the embodiment shown in FIG. 14, multiple set pressure targets are
provided. The multiple set pressure targets may mimic the physiological state of the
inflow side of the mitral heart valve during systole, although in other embodiments

other value(s) may be utilized.

[0157]  The one or more set pressure targets 1518 may be input to a feedback control
1520, in addition to a measurement from the first pressure sensor 110 (the atrial or
inflow pressure sensor). The set pressure target 1518 and the input from the first

pressure sensor 110 may be provided to the first fluid driver 106 to follow. The controller
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114 may be configured to operate the first fluid driver 106 to provide the pressure profile
1414 of the test fluid on the inflow side of the mitral heart valve based on feedback from
the first pressure sensor 110. The feedback control 1520 may operate according to
feedback parameters 1521. The feedback control 1520 may be a PID control and the
feedback parameters 1521 may be PID parameters.

[0158]  The feedback control 1520 may be provided to the first fluid driver 106 to
assure that the first fluid driver 106 is following the prescribed set one or more pressure

targets 1518.

[0159] The second fluid driver 108 during the systole phase may continue to follow
the pressure model 1508. The second fluid driver 108 may be configured to provide a
pressure profile on the outflow side of the valve. The pressure profile may be a profile as
shown in FIG. 14, or may comprise a different profile as desired. Preferably, the
pressure profile mimics a physiological profile on the outflow or ventricular side of the

mitral valve.

[0160] During the systole phase, the first fluid driver 106 and the second fluid driver
108 may be configured to no longer follow the displacement model, such that the first
fluid driver 106 maintains a set one or more pressure targets 1518, and the second fluid
driver 108 follows the pressure model 1508. The displacement model 1502 may be set to
a zero or null value for the systole phase. In one embodiment, the scaling factors 1517,
1519 may be set such that the displacement model 1502 has a zero or null value for the
systole phase. The first fluid driver 106 and second fluid driver 108, however, may follow

respective feedback parameters 1527, 1529 during the systole phase.

[0161]  During the systole phase, corrective adjustments 1522 may be provided to the
first fluid driver 106 and the second fluid driver 108 to allow first fluid driver 106 and
the second fluid driver 108 to adjust their respective movements to provide the desired

pressure to the test fluid of the valve.

[0162] Referring to FIG. 14, a determination of coaptation of the mitral valve leaflets
may occur during the systole phase. The determination may occur at a set point 1416,
which may be based on a pressure measured by either of the pressure sensors 110, 112.
The determination of coaptation may be made by operation of the camera system

disclosed herein.,

[0163] During the systole phase, with the mitral heart valve closed, the testing

apparatus 100 may identify a leakage through the closed mitral heart valve in the same
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manner as disclosed above regarding aortic valve testing. For example, the leakage may
be identified based on movement of the first fluid driver 106 or the second fluid driver
108 because the first fluid driver 106 and second fluid driver 108 are not following a
displacement model during the systole phase. The controller 114 may be configured to
identify a leakage of the mitral heart valve based on a movement of the first fluid driver

106 or the second fluid driver 108 when the mitral heart valve is in a closed state.

[0164] Referring to FIG. 15, additional feedback parameters 1523, 1525 may be
provided to the feedback controls 1503, 1515. Such feedback parameters 1523, 1525 may
be utilized when the first fluid driver 106 and the second fluid driver 108 are not being
utilized, or are in a stationary mode. The feedback parameters 1523, 1525 may be
utilized to prevent undesired movement or “humming” of the fluid drivers 106, 108 when

not in use.

[0165] The operations discussed herein may be modified as desired with desired
pressure models, pressure profiles, and displacement models, or other parameters of the
system as desired. For example, any of the models, profiles, or parameters may be based
on the type of valve being tested in the testing apparatus 100. If a user were to input the
type of prosthetic device to be tested into the controller 114, the controller 114 may be
configured to automatically load and apply the models, profiles, or parameters or other

features of the testing, and execute the testing as desired.

[0166] The displacement models 1302, 1502, pressure models 1308, 1508, pressure
profiles, one or more pressure targets 1318, 1518, and parameters 1321, 1521, 1306,
1506, 1327, 1527, 1323, 1523, 1316, 1516, 1329, 1529, 1325, 1525, 1313, 1513, as well as
the corrective adjustments 1322, 1522 may be configured for the type of prosthetic
device being tested, and may be stored in the memory of the controller 114 and retrieved
by the controller 114 for use for that particular type of prosthetic device. The parameters
1321, 1521, 1306, 1506, 1327, 1527, 1323, 1523, 1316, 1516, 1329, 1529, 1325, 1525,
1313, 1513 may be configured to be automatically retrieved based on the systole or
diastole phase of operation, for example the feedback controls 1303, 1315, 1503, 1515
may be configured to automatically switch between systole parameters 1306, 1527,

1316, 1529, and diastole parameters 1327, 1506, 1329, 1516 during operation.

[6167] In embodiments, other forms of feedback control other than PID controls may
be utilized. In other embodiments, other forms of feedback parameters than PID

parameters may be utilized.
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[0168] The pressure models, pressure profiles, and displacement models, or other
parameters of the system may be varied as desired. For example, a custom or modified
version of the testing operations may be provided as desired. Custom flow or pressure
curves may be provided, among other parameters (e.g., length or number of testing

cycles).

[0169] The pressure and flow profiles shown in FIGS. 12 and 14 and methods of
operation shown in FIGS. 13 and 15 are intended to be exemplary, and may be modified

as desired.

[0170] In embodiments, presthetic valves other than aortic valves and mitral valves
may be tested under similar methods as disclosed herein regarding aortic and mitral

valves. The methods disclosed herein are not limited to aortic valves or mitral valves.

[0171]  The controller 114 may be configured to automatically provide the testing
operations disclosed herein. For example, the controller 114 may be configured to
automatically move the testing apparatus 100 to the closed configuration, to fill the flow

chamber 105, and provide a testing operation of the prosthetic device as desired.

[0172]  The testing cycles disclosed in regard to FIGS. 12-15 may occur for one cycle
(one systole and diastole phase) or multiple cycles as desired. The timing of each cycle
may occur according to the timing of an actual human heartbeat, and one cycle may

occur in less than one second, or other time as desired.

[0173]  The output of the testing operations is not limited to effective orifice area
(EOA) or leakage, but may also include other flow properties of the tested prosthetic
valves such as pressure gradient across the valve or other hydrodynamic measurements.
The output may be provided to the display screen 208 of the control terminal 202, or
other display screen as desired. The output may be previded as a quantitative amount,
or in certain embodiments an indicator such as indicater 1110 shown in FIG. 11 may be
utilized to provide a visual pass/fail output or the like. As discussed, the processor 1100
may utilize one or more thresholds to automatically determine and indicate whether the
tested prosthetic valve is acceptable. The processor 1100 may provide an output based
on any of the measured properties of the prosthetic valve (for example, pressure

gradient, EOA, or leakage, among others).

[0174]  The methods of operation of the testing apparatus 100 may be varied,

excluded, or modified in other embodiments as desired.
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[0175]  Beneficially, the methods of the testing apparatus 100 may provide for
pulsatile physiological conditions for the tested valve. The dual drive arrangement may
reduce complexity of the apparatus, and may provide for ease of use. The use of flow
meters or other flow sensors may be excluded, which simplifies the operation of the

apparatus.

[0176] The coaptation determination for the prosthetic valves may occur through use
of the cameras 132, 184, 414, 416 marked in FIG. 4. The coaptation determination may
occur during the testing cycle during the closed states of the prosthetic valves. Such
determinations may be made, for example, at points 1218 and 1416 as shown in FIGS.
12 and 14, or at another point as desired. The controller 114, or the processor 1100 of
the controller, may be configured to automatically perform the coaptation determination

at the desired point(s).

[0177] The cameras 132, 184, 414, 416 may be configured to view the prosthetic
valve leaflets when the prosthetic valve is closed to determine the coaptation of the
valve leaflets. The cameras 184, 414, 416 may be configured to view the prosthetic valve
positioned in the flow channel 105, through the wall 118. The cameras 132, 184, 414,
416 may be configured to provide one or more images of the prosthetic valve leaflets that
are used by the controller 114, or the processor 1100 of the controller, to determine a
property of coaptation of the leaflets of the prosthetic valve when the valve leaflets are

in the closed state.

[0178] FIG. 16, for example, illustrates an image 1600 comprising a side view of a
prosthetic heart valve 1602 that may be produced by one of the side view cameras 184,
414, 416. The prosthetic heart valve 1602 may include three leaflets 1604, 1606, 1608
that are in a closed state. An edge 1610, 1612, 1614 of the respective leaflets 1604, 16086,
1608 is shown to have a coaptation property comprising a mismatch. A mismatch of the

leaflets 1604, 1606, 1608 may comprise an undesired coaptation of the heart valve 1602.

[0179]  Upon one or more of the side view cameras 184, 414, 416 providing one or
more images of the prosthetic heart valve 1602, the testing apparatus 100 may be
configured to automatically identify and define a region of interest 1616 for the viewed
image. The processor 1100 (which may comprise an image processor) of the controller
114 may be configured to receive an input of the image from one of the side view
cameras 184, 414, 416, and may be configured to process the image to automatically
identify and define the region of interest 1616. In other embodiments, other processors

may be utilized for the image processing methods.
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[0180] The region of interest 1616 may be automatically defined based on an
indicator 1618 present in the image. For example, as shown in FIG. 16, the indicator
1618 may comprise an appearance of a portion of the prosthetic valve 1602, such as an
appearance of the frame for a catheter-implanted valve. The processor 1100 may be
configured to identify the indicator 1618 and define the region of interest 1616 based on
the location and presence of this indicator 1618. The processor 1100 may be configured
to automatically adjust image properties, such as brightness or contrast to optimize a

view of the edges of the leaflets in certain embodiments.

[0181] Upon identification and definition of the region of interest 1616, the processor
1100 may be configured to automatically measure a property of the coaptation of the
valve in the region of interest 1616. The property may be a measure of mismatch of the
leaflets. The property may be an image distance (for example a pixel distance), that may
be converted to a real distance based on a scaling. The scaling may be provided by use of
a calibration device, as discussed herein. The processor 1100 may be configured to
measure the image distance on a pixel by pixel basis. The coaptation may be determined
by measuring the distance between the edges 1610, 1614 of the leaflets 1604, 1608, with
the edge 1612 of the leaflet 1606. The coaptation may be determined as a distance
between edges 1610, 1614 of the leaflets 1604, 1608, with the edge 1612 of the leaflet
1606, as indicated by the hashed lines 1620 shown in FIG. 16. In one embodiment, the
coaptation may be determined as the longest length (in pixel) measured, for example,

the longest hashed line 1620 shown in FIG. 16.

[0182]  The processor 1100 may be configured to compare the measurement of the
coaptation with a standard for acceptable coaptation, and provide an indication of
whether the prosthetic valve 1602 is acceptable or not (for example, through the
indicator 1110 discussed in regard to FIG. 11). The user, accordingly, may not make a
determination of suitable coaptation in certain embodiments. In one embodiment,
however, the user may confirm or make a separate determination of suitable coaptation
based on viewing the images on the display screen 208 or the like. In one embodiment,
the processor 1100 may output a property of the coaptation, for example, a quantitative
measure of the coaptation may be provided (e.g., the real distance between the edges
1610, 1614 of the leaflets 1604, 1608, with the edge 1612 of the leaflet 1606). Other
statistical measures may be provided, such as an average and/or standard deviation of
any of the coaptation properties of the valve. The measure of coaptation may be provided

for each side image provided of the prosthetic valve 1602 by each side camera (184, 414,
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416) and for each leaflet 1604, 1606, 1608 of the prosthetic valve 1602. The measure of
coaptation may be provided upon a single cycle being provided of the valve in a closed
state, or multiple cycles, with statistical measures such as an average and/or standard

deviation being provided for the coaptation measures of the valve.

[0183] The processor 1100 may be configured to automatically provide the
measurement of the coaptation based on automatic production of the one or more images
of the prosthetic valve 1602 taken by the camera system. The processor 1100 may be
configured to automatically process the images and determine the property of coaptation

of the valve 1602,

[0184] In one embodiment, the identification and definition of the region of interest
may occur manually by a user. For example, in a surgically implanted valve 1800, as
shown in FIG. 18, the user may manually define the region of interest 1802 if no clear
indicator of the valve 1800 is present. In one embodiment, the user may be able to
manually select the region of interest as desired, or may override the automatic
detection of the region of interest by the processor 1100. The automatic determination of

the property of coaptation may occur following the identification of the region of interest.

[0185] Referring to FIG. 17, the axial camera 132 may provide an axial view and
axial image 1700 of a prosthetic valve 1702. FIG. 17 illustrates an axial view of the
prosthetic valve 1702 in a closed state. The prosthetic valve 1702 may include three
leaflets 1704, 1706, 1708 that are in the closed state. A central opening 1710, however,
is provided of the leaflets 1704, 1706, 1708. The axial view may allow for measurement
of the size of the central opening 1710 of the valve 1702 when the valve 1702 is in the
closed state. The processor 1100 may be configured to automatically provide a
measurement of the size of the central opening 1710 of the valve 1702, and thus provide
a property of coaptation of the prosthetic valve 1702. Similar to the processes discussed
in regard to FIGS. 16 and 18, the processor 1100 may be configured to automatically
determine a region of interest and automatically measure the size of the central opening
1710 on a pixel by pixel basis. The image distance may be converted to a real distance
utilizing methods disclosed herein. The measurement of the size of the central opening
1710 may occur during the coaptation measurement of the prosthetic valve 1702, and

may occur at the same time the side images of the valve 1702 are taken.

[0186] Referring to FIG. 18, the side cameras 414, 416 (and 184 not pictured) may be
coupled to the testing apparatus 100 with a fixed mount, or may be coupled to the

testing apparatus 100 with a movable mount. FIG. 18 illustrates an embodiment in
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which one or more of the side cameras 414, 416, 184 may be coupled to the testing
apparatus 100 with a movable mount 1804, 1806 such that movement axially, as well as
radially, or a combination thereof (as indicated by the movement lines in FIG. 18) may
be provided by the side cameras 414, 416, 184 to vary the side view of the prosthetic
valve 1800. In one embodiment, the side cameras 414, 416, 184 may be configured to be
moved automatically by the controller 114 to provide a desired view of the valve leaflets
1808, 1810, 1812. Servos or the like may move the side cameras 414, 416, 184 and the
mounts 1804, 1806 may include rails or pivots for the side cameras 414, 416, 184 to
move with. In one embodiment, mirrors that are used by the side cameras 414, 416, 184
to view the valve 1800 may be moveable, and moved automatically by the controller 114
to provide a desired view of the valve leaflets 1808, 1810, 1812. In one embodiment, the
user may be able to manually provide an input to the controller 114 to move the side
cameras 414, 416, 184 or the view of the side cameras 414, 416, 184 to the desired
position. In one embodiment, the entire test chamber 102 may be configured to rotate,
either manually or via servo control (controlled by the controller 114), such that the view

of the valve leaflets are not blocked by any air bubbles.

[0187] The images of the valves 1602, 1702, 1800 discussed herein are taken by the
camera system of the testing apparatus 100 and may be affected by optical distortion
caused by the presence of the test fluid within the flow chamber 105. The processor 1100
may be configured to determine a pixel by pixel distance between portions of an image to
determine coaptation, however, such image distances may not accurately correspond to
a real distance for all portions of the image due to the possible optical distortion, as well
as due to the cylindrical geometry of the prosthetic valves. Due to the cylindrical
geometry, the scaling of the image distance to the real distance may be different for
different radial distances of the portions of the prosthetic valve. As such, the
measurements of the coaptation properties provided by the camera system may need to
be calibrated to produce a quantitative measure of real distance between portions of the

image and portions of the prosthetic valves, particularly the valve leaflets.

[0188] FIG. 19 illustrates a side perspective view of an embodiment of a calibration
device 1900 that may be utilized with the testing apparatus 100. The calibration device
1900 may be utilized in a method of determining a scaling between an image distance
and a real distance based on one or more images of the calibration device 1900. The
method may include determining a property, based on the scaling, of one or more

leaflets of a prosthetic valve shown in one or more images.
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[0189] The calibration device 1900 may include a plurality of walls 1902, 1904, 1906
spaced from each other. The plurality of walls 1902, 1904, 1906 may be coupled to a base
1908 and may extend axially from the base 1908. The plurality of walls 1902, 1904, 1906

may extend radially outward from each other.

[0190] The plurality of walls 1902, 1904, 1906 may each include a respective
coupling portion 1910, 1912, 1914, and a respective end portion 1916, 1918, 1920. The
plurality of walls 1902, 1904, 1906 may be coupled to each other at the coupling portion
1910, 1912, 1914 and may extend radially outward from the coupling portion 1910,
1912, 1914 to the respective end portion 1916, 1918, 1920. The plurality of walls 1902,
1904, 1906 may couple to each other at a central portion 1922 of the calibration device
1900.

[0191]  The walls 1902, 1904, 1906 may include three walls, and may be spaced
substantially equidistant from each other. The walls 1902, 1904, 1906 may extend
radially outward from the central portion 1922 at a substantially equal angle such that
the end portions 1916, 1918, 1920 of the walls 1902, 1904, 1906 are positioned
equidistant from each other. The walls 1902, 1904, 1906 may extend at a substantially
equal angle of about 120 degrees from each other. The walls 1902, 1904, 1906 may form
a Y-shape, as shown in FIGS. 19 and 20.

[0192] Each wall 1902, 1904, 1906 may be configured to extend in the same plane as
a contact plane of a leaflets of a prosthetic valve. For example, the contact planes of the
valve 1702 shown in FIG. 17 constitute the planes extending out of the page at which
the leaflets 1704, 1706, 1708 contact each other. The walls 1902, 1904, 1906 are
configured to extend in the same plane as a contact plane so that calibration of the view

of the prosthetic valve along the contact planes may be provided.

[0193] In other embodiments, other configurations of the walls of the calibration
device may be provided. For example, if the calibration device is configured to calibrate
an image for a four leaflet valve or a five leaflet valve, the number and orientation of the
walls of the calibration device may be modified accordingly. Preferably, the walls each

extend in the same plane as a contact plane of a leaflets of a prosthetic valve.

[0194] Each wall 1902, 1904, 1906 may include side surfaces 1924, 1926, 1928 (the
opposite side surfaces are not shown in FIG. 19) and top surfaces 1930, 1932, 1934.

[0195] Each wall 1902, 1904, 1906 may include one or more indicators 2200 (marked
in FIG. 22A). The indicators 2200 may be positioned on the side surfaces of the
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respective wall 1902, 1904, 1906 and/or the top surfaces 1930, 1932, 1934 of the
respective wall 1902, 1904, 1906 (as shown in FIG. 20). The indicators 2200 are not
shown in FIGS. 19 and 21 for clarity.

[0196]  The indicators 2200 may indicate a position on the wall 1902, 1904, 1906. The
indicators 2200 may be set at a defined real distance between each other, and a defined

real distance between two indicators 2200 may be known. The real distance is the actual
distance between the two indicators 2200, as may be measured in millimeters, inches, or

another form of distance measurement.

[0197] The indicators 2200 may comprise a pattern, such as a grid, or other form of
indicator 2200 with a known real distance between the indicators 2200. In one
embodiment, at least one indicator 2200 may be utilized on at least one of the plurality
of walls 1902, 1904, 1906. The indicators 2200 may be printed on the walls 1902, 1904,
1906 of the calibration device 1900, or may otherwise be placed on the walls 1902, 1904,

1906 (e.g., engraving or other form of placement).

[0198] The indicators 2200 are preferably positioned on the calibration device 1900
at the central portion 1922 of the calibration device 1900 as well as at the end portions
1916, 1918, 1920 of the respective walls 1902, 1904, 1906. Such a positioning of the
indicators 2200 may allow for a calibration of an image at a central portion of a
prosthetic valve (such as the central opening 1710 shown in FIG. 17) as well as at a
distal portion of presthetic valve leaflets. The indicators may extend along the entirety
of the calibration device 1900 from the central portion 1922 of the calibration device

1900 to the end portions 1916, 1918, 1920, as shown in FIGS. 22A and 23.

[0199] FIG. 20 illustrates a top view of the calibration device 1900. Top surfaces
1930, 1932, 1934 of the calibration device 1900 may include indicators 2200 for
indicating a position on the respective wall 1902, 1904, 1906.

[0200] The calibration device 1900 and the walls 1902, 1904, 1906 may be configured
to be coupled to at least a portion of the testing apparatus 100. For example, FIG. 21
illustrates an implementation of the calibration device 1900 with the test chamber 102
of the testing apparatus 100. The calibration device 1900 may be coupled to the wall 310
of the mounting plate 308 in a similar position and manner as the retainer ring 306
shown in FIG. 3. The walls 1902, 1904, 1906 may be positioned in the location of the
leaflets of the valve 124 shown in FIG. 3, and may extend along the contact planes of the

valve leaflets. The wall 118 may be positioned around the calibration device 1900 and
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the entire unit may be positioned in the testing apparatus 100 in a similar manner as

discussed in regard to the test chamber 102 previously.

[0201] FIG. 22A illustrates an image 2202 of the calibration device 1900 including
indicators 2200. The calibration device 1900 is preferably positioned in the testing
apparatus 100 in the same location that the prosthetic valve will be positioned. The
calibration device 1900 may be coupled to a retainer of the testing apparatus 100, with

the walls 1902, 1904, 1906 positioned in the contact planes of the valve leaflets.

[0202] The image 2202 of the calibration device 1900 may be used to determine a
scaling between an image distance and a real distance. The scaling may comprise a pixel
to length ratio or other form of scaling. The image distance, as reflected in FIG. 22A, is
the distance across the image 2202 between portions of the calibration device 1900. For
example, the image distance may be measured in units of pixels or the like between two
portions of the calibration device 1900. The image distance, however, may not accurately
reflect the real distance (the actual distance) due to optical distortions and the
cylindrical orientation of the prosthetic valve. For example, a measurement of 10 pixels
at the central portion 1922 of the calibratien device 1900 may not comprise the same

real distance as 10 pixels at an end portion 1916 of the calibration device 1900.

[0203]  As such, the defined real distance between the portions of the calibration
device may be utilized to determine the scaling between the image distance and the real
distance. For example, if a measurement of 10 pixels at the central portion 1922 of the
calibration device 1900 is known to correspond to 1 millimeter (real distance), then the
scaling between image distance and real distance may be determined at that portion of
the calibration device 1900. Similarly, if a measurement of 10 pixels at an end portion
19186 of the calibration device 1900 is known to correspond to 2 millimeters (real
distance), then the scaling between image distance and real distance may be determined
at that portion of the calibration device 1900. The known distance between the portions
of the calibration device 1900, particularly the indicators 2200, are utilized to determine
the real distance. For example, if a distance of 10 pixels is measured between indicators
2200 known to have real distance of 1 millimeter, then the scaling of a 10:1 ratio of

image distance to real distance may be determined.

[0204] Multiple scalings may be determined for multiple portions of the calibration
device 1900. For example, a scaling may be determined between an image distance and
a real distance based on an image distance between one or more portions of the

calibration device at the central portion 1922. For the same image, a scaling may be
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determined between an image distance and a real distance based on an image distance
between one or more portions of one of the plurality of walls 1902, 1904, 1906 at the end
portion 1916, 1918, 1920 of the respective wall 1902, 1904, 1906. For the same image,
the scaling may be determined for multiple positions on the calibration device 1900. The
scaling may be different for each portion of the calibration device. As shown in FIG. 22A,
the indicators 2200 may form a plurality of segments bounded by the indicators 2200
(bounded by the indicator lines), and a scaling may be provided for each segment of the
calibration device 1900. The scaling may occur in both the X direction (horizontally
across the page), and in the Y direction (vertically along the page). The indicators 2200
accordingly may extend along both the X direction and Y direction of the walls 1902,
1904, 1906.

[0205] Referring to FIG. 22B, the determined scaling may be utilized to determine a
property of one or more leaflets 2204, 2206, 2208 of a prosthetic valve 2210 in an image
2212 of the prosthetic valve 2210. If an image distance is taken of a mismatch of the
leaflets 2204, 2206, 2208, then this image distance may be converted to a real distance
based on the scaling provided by the calibration device 1900. The image distance may be
measured between portions of one or more leaflets 2204, 2206, 2208 of the prosthetic
valve 2210 and a real distance may be determined between the portions of the one or
more leaflets 2204, 2206, 2208 based on the scaling. For example, if a central portion of
the prosthetic valve 2210 is measured and determined to have a leaflet mismatch of 10
pixels (image distance), then this image distance may be converted to the appropriate
real distance based on the scaling provided by the calibration device 1900 for that
portion. Similarly, if a distal portion of the prosthetic valve 2210 is measured and
determined to have a leaflet mismatch of 10 pixels (image distance), then this image
distance may be converted to the appropriate real distance based on the scaling provided
by the calibration device 1900 for that portion. Multiple scalings may be provided for
each portion of the image 2212.

[0206] The one or more of the cameras 414, 416, 184, 132 may be utilized to view
both the calibration device 1900 and the prosthetic valve 2210. An axial view of the
calibration device 1900 may also be provided, with a view of indicators positioned on an
upper surface of the walls 1902, 1904, 1906. The calibration on the top surface 1930,
1932, 1934 of the calibration device 1900 may be used to determine a scaling of image
distance to real distance in an axial image in a similar manner as discussed regarding

the side images.
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[0207]  Multiple images of the calibration device 1900 may be provided (for example,
three side views corresponding to the three leaflets of the prosthetic valve, and an axial
image of the prosthetic valve) to determine a scaling between an image distance and a

real distance for each leaflet of the prosthetic valve at each view.

[0208]  Preferably, the angle of the images of the calibration device 1900 is the same
as the angle of the corresponding images of the prosthetic valve 2210, to assure that the
scaling is accurate for each view. Similarly, preferably the images of the calibration
device 1900 are taken with the calibration device 1900 in the same position and

surrounded by the same test fluid as the prosthetic valve 2210.

[0209] The processor 1100 may be configured to automatically determine the
distance between the indicators 2200 of the calibration device 1900, and provide a

scaling of image distance to real distance based on the determination.

[0210] The image or images of the calibration device 1900 may be stored in a
memory, for example, the memory 1102 of the controller 114, for use to determine the
real distance of the prosthetic valve 2210. The image or images 2202 of the calibration
device 1900 may be taken on a periodic basis (e g, daily, weekly, monthly basis).
Preferably the one or more of the cameras 414, 416, 184, 132 do not move between
taking images of the calibration device 1900 so that the view and angle of the calibration

device 1900 may be same as the view of the actual prosthetic valve.

[0211]  The scalings provided by the calibration device 1900 are preferably stored in
a memory, for example, the memory 1102 of the controller 114, for use to convert image
distance to real distance. The scalings may be set for a particular type of prosthetic

device, and may be retrieved by a processor 1100 to automatically scale image distance

to real distance based on the type of prosthetic device being viewed.

[0212]  The calibration device 1900 may be utilized to provide a quantitative (rather
than qualitative) measure of the coaptation of one or more leaflets of the prosthetic
valve 2210. The quantitative measure may be provided because the real distance of the
mismatch of the one or more leaflets of the prosthetic valve 2210 may be provided based
on the measured image distance of the valve 2210 and the scaling provided by the
calibration device 1900. The processor 1100 may be configured to output the determined
real distance, and may be configured to output a ratio between the measured leaflet
mismatch real distance vs. a desired or acceptable mismatch real distance. The

processor 1100 may be configured to compare the measurement of the coaptation with a
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standard for acceptable coaptation, and provide an indication of whether the prosthetic
valve is acceptable or not (for example, through the indicator 1110 discussed in regard to
FIG. 11). As discussed in regard to FIG. 16, the user may not make a determination of
suitable coaptation in certain embodiments or in certain embodiments the user may
confirm or make a separate determination of suitable coaptation based on viewing the

images on the display screen 208 or the like.

[0213] In other embodiments, the calibration device 1900 may have a different form
than shown. For example, FIG. 23 illustrates an embodiment of a calibration device
2300 in which the indicators 2302 may take the form of a plurality of dots on the walls of
the calibration device 2300. The distance between the dots may be known. In other

embodiments, other forms of indicators may be utilized.

[0214]  The testing apparatus 100, and methods and device disclosed herein, may
provide an efficient method of determining properties of prosthetic devices to be
measured. A dual-drive configuration and physiological pulsatile operation of the testing
apparatus 100 may allow for a more accurate measure of prosthetic device performance.
A complete cardiac cycle may be provided for prosthetic heart valves, which may include
a cycle, for example, of seventy beats per minute, and 100 millimeters mercury (mmHG)
mean pressure, while a camera system monitors four coaptation test views (three side
views and one axial view). The density of the test fluid may be approximate to blood
passing through the prosthetic heart valves, and the test fluid may include water and

glutaraldehyde (or a combination thereof) if desired, among other substances.

[0215]  The calibration devices disclosed herein may provide for an improved

calibration of image distance to real distance for a quantitative measure of valve quality.

[0218] The apparatuses, methods, and devices disclosed herein may be used in

combination or substituted with each other as desired.

[0217]  The apparatuses and other devices disclosed herein may be practiced
separately as desired. In addition, the methods herein are not limited to the methods
specifically described, and may include methods of utilizing the systems, apparatuses,

and devices disclosed herein.

[0218] In closing, it is to be understood that although aspects of the present
specification are highlighted by referring to specific embodiments, one skilled in the art
will readily appreciate that these disclosed embodiments are only illustrative of the

principles of the subject matter disclosed herein. Therefore, it should be understood that
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the disclosed subject matter is in no way limited to a particular methodology, protocol,
and/or reagent, efc., described herein. As such, various modifications or changes to or
alternative configurations of the disclosed subject matter can be made in accordance
with the teachings herein without departing from the spirit of the present specification.
Lastly, the terminology used herein is for the purpose of describing particular
embodiments only, and is not intended to limit the scope of systems, apparatuses, and
methods as disclosed herein, which is defined solely by the claims. Accordingly, the
systems, apparatuses, and methods are not limited to that precisely as shown and

described.

[0219]  Certain embodiments of systems, apparatuses, and methods are described
herein, including the best mode known to the inventors for carrying out the same. Of
course, variations on these described embodiments will become apparent to those of
ordinary skill in the art upon reading the foregoing description. The inventor expects
skilled artisans to employ such variations as appropriate, and the inventors intend for
the systems, apparatuses, and methods to be practiced otherwise than specifically
described herein. Accordingly, the systems, apparatuses, and methods include all
modifications and equivalents of the subject matter recited in the claims appended
hereto as permitted by applicable law. Moreover, any combination of the above-
described embodiments in all pessible variations thereof is encompassed by the systems,
apparatuses, and methods unless otherwise indicated herein or otherwise clearly

contradicted by context.

[0220] Groupings of alternative embodiments, elements, or steps of the systems,
apparatuses, and methods are not to be construed as limitations. Each group member
may be referred to and claimed individually or in any combination with other group
members disclosed herein. It is anticipated that ene or more members of a group may be
included in, or deleted from, a group for reasons of convenience and/or patentability.
When any such inclusion or deletion occurs, the specification is deemed to contain the
group as modified thus fulfilling the written description of all Markush groups used in

the appended claims.

[0221]  Unless otherwise indicated, all numbers expressing a characteristic, item,
quantity, parameter, property, term, and so forth used in the present specification and
claims are to be understood as being modified in all instances by the term “about.” As

used herein, the term “about” means that the characteristic, item, quantity, parameter,
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property, or term so qualified encompasses an approximation that may vary, yet is

capable of performing the desired operation or process discussed herein.

[0222] The terms “a,” “an,” “the” and similar referents used in the context of
describing the systems, apparatuses, and methods (especially in the context of the
following claims) are to be construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by context. All methods described
herein can be performed in any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context. The use of any and all examples, or exemplary
language (e.g., “such as”) provided herein is intended merely to better illuminate the
systems, apparatuses, and methods and does not pose a limitation on the scope of the
systems, apparatuses, and methods otherwise claimed. No language in the present
specification should be construed as indicating any non-claimed element essential to the

practice of the systems, apparatuses, and methods.

[0223]  All patents, patent publications, and other publications referenced and
identified in the present specification are for the purpose of describing and disclosing,
for example, the compositions and methodologies described in such publications that
might be used in connection with the systems, apparatuses, and methods. These
publications are provided solely for their disclosure prior to the filing date of the present
application. Nothing in this regard should be construed as an admission that the
inventors are not entitled to antedate such disclosure by virtue of prior invention or for
any other reason. All statements as to the date or representation as to the contents of
these documents is based on the information available to the applicants and does not
constitute any admission as to the correctness of the dates or contents of these

documents.
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WHAT IS CILAIMED IS:

1. A testing apparatus for a prosthetic valve, the testing apparatus comprising:

a flow channel having a first end portion and a second end portion, and configured

to hold a test fluid;

a retainer configured to hold the prosthetic valve within the flow channel;

a first fluid driver coupled to the first end portion of the flow channel and
configured to move to flow the test fluid through the prosthetic valve in an outflow
direction of the prosthetic valve, and configured to provide a pressure of the test fluid on

an inflow side of the prosthetic valve;

a second fluid driver coupled to the second end portion of the flow channel and
configured to move to flow the test fluid through the prosthetic valve in the outflow
direction of the prosthetic valve, and configured to provide a pressure of the test fluid on

an outflow side of the prosthetic valve; and

a controller configured to:

move the first fluid driver and the second fluid driver to flow the test fluid
through the prosthetic valve in the outflow direction of the prosthetic valve when
the prosthetic valve is in an open state,

operate the first fluid driver to provide a pressure profile of the test fluid on
the inflow side of the prosthetic valve when the prosthetic valve is in a closed state,
and

operate the second fluid driver to provide a pressure profile of the test fluid
on the outflow side of the prosthetic valve when the prosthetic valve is in the closed

state.

2. The testing apparatus of claim 1, wherein the controller is configured to identify a
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leakage of the prosthetic valve based on a movement of the first fluid driver or the second

fluid driver when the prosthetic valve is in the closed state;

wherein the first fluid driver includes a first position sensor and the second fluid
driver includes a second position sensor, and the controller is configured to identify the
leakage of the prosthetic valve based on one or more signals from the first position sensor

or the second position sensor.

3. The testing apparatus of claim 1 or claim 2, wherein the controller is configured to
operate the second fluid driver to provide a back pressure profile of the test fluid on the

outflow side of the prosthetic valve when the prosthetic valve is in the open state;

wherein the prosthetic valve is a prosthetic heart valve, and the back pressure
profile is configured to mimic a physiological pressure profile of a heart, an aorta or of a

ventricle.

4. The testing apparatus according to any one of claims 1-3, wherein the controller is
configured to move the first fluid driver and the second fluid driver to flow the test fluid
through the prosthetic valve based on a displacement model when the prosthetic valve is

in the open state;

wherein the controller is configured to move the second fluid driver based on a

pressure model when the prosthetic valve is in the open state.

5. The testing apparatus according to any one of claims 1-4, wherein the controller is
configured to operate the first fluid driver to provide the pressure profile of the test fluid

on the inflow side of the prosthetic valve based on one or more pressure targets.

6. The testing apparatus according to any one of claims 1-5, further comprising a
pressure sensor configured to measure a pressure of the test fluid on the inflow side of the

prosthetic valve;
wherein the controller is configured to operate the first fluid driver to provide the

pressure profile of the test fluid on the inflow side of the prosthetic valve based on

feedback from the pressure sensor.
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7. The testing apparatus of claim 6, wherein the pressure sensor is a first pressure
sensor, and the testing apparatus further comprises a second pressure sensor configured
to measure a pressure of the test fluid on the outflow side of the prosthetic valve, and the
controller is configured to determine, based on measurements of the first pressure sensor
and the second pressure sensor, a pressure differential between the test fluid on the inflow
side and the test fluid on the outflow side of the prosthetic valve when the prosthetic valve

is in the open state;

wherein the controller is configured to provide an output based on the pressure

differential and wherein:

a. the controller is configured to provide the output on a display screen;

b. the controller is configured to provide the output on an indicator; and

c. the output indicates whether the prosthetic valve has violated one or

more threshold values.

8. The testing apparatus of claim 7, wherein the controller is configured to determine,
based on measurements of the first pressure sensor and the second pressure sensor, a
period in which the pressure of the test fluid on the inflow side is greater than the pressure
of the test fluid on the outflow side, and is configured to determine a flow through the
prosthetic valve during the period based on a movement of the first fluid driver, and is
configured to determine an effective orifice area of the prosthetic valve based on the flow
and based on the pressure differential between the test fluid on the inflow side and the

test fluid on the outflow side of the prosthetic valve during the period;

wherein the controller is configured to provide an output on an indicator or a
display screen indicating the effective orifice area of the prosthetic valve, and whether the

prosthetic valve has violated one or more threshold values.
9. The testing apparatus according to any one of claims 1-8, wherein the first fluid

driver is configured to displace the test fluid to flow the test fluid and the second fluid

driver is configured to provide an equal and opposite displacement of the test fluid than
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the first fluid driver to flow the test fluid.

10.  The testing apparatus according to any one of claims 1-9, wherein the first fluid
driver includes a piston configured to displace the test fluid and a position sensor

configured to determine a position of the piston;

wherein the controller is configured to determine a movement of the first fluid

driver based on a signal from the position sensor.

11.  The testing apparatus according to any one of claims 1-10, further comprising a
test chamber having a wall surrounding the flow channel, at least a portion of the wall
being light transmissive, and the testing apparatus further comprising one or more

cameras configured to view the prosthetic device in the flow channel through the wall;
wherein the flow channel is defined by a first fluid conduit on the inflow side and

a second fluid conduit on the outflow side, and wherein the test chamber is separable from

the first fluid conduit and the second fluid conduit.

12.  The testing apparatus of claim 11, wherein a processor is configured to determine

a property of coaptation of leaflets of the prosthetic valve based on one or more images

provided by the one or more cameras,

wherein the processor is configured to automatically determine:

a. the property of coaptation of the leaflets when the prosthetic valve

is in the dosed state;

b. a region of interest of the prosthetic valve based on the one or more

images; and
c. an image distance of mismatch of the leaflets based on the one or
more images, wherein the processor is configured to convert the

image distance to a real distance.

13.  The testing apparatus according to any one of claims 1-12, wherein the controller
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is configured to:

a. move the first fluid driver and the second fluid driver to provide

pulsatile flow through the prosthetic valve; and

b. provide a corrective adjustment to a movement of the first fluid
driver or the second fluid driver to move the prosthetic valve from

the open state to the closed state.

14. A method comprising:

providing a prosthetic valve in a flow channel of a testing apparatus, the testing
apparatus including a first fluid driver coupled to a first end portion of the flow channel
and a second fluid driver coupled to a second end portion of the flow channel, the flow

channel including test fluid pesitioned therein;

operating the first fluid driver and the second fluid driver to flow the test fluid
through the prosthetic valve in an outflow direction of the prosthetic valve when the

prosthetic valve is in an open state;

operating the first fluid driver to provide a pressure profile of the test fluid on an

inflow side of the prosthetic valve when the prosthetic valve is in a closed state; and

operating the second fluid driver to provide a pressure profile of the test fluid on

an outflow side of the prosthetic valve when the prosthetic valve is in the closed state.
15.  The method of claim14, further comprising identifying a leakage of the prosthetic
valve based on a movement of the first fluid driver when the prosthetic valve is in the

closed state, further comprising:

determining a flow through the prosthetic valve based on a movement of the first

fluid driver when the prosthetic valve is in the open state;
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determining a pressure differential between the inflow side of the prosthetic valve
and the outflow side of the prosthetic valve when the prosthetic valve is in the open state;

and

determining an effective orifice area of the prosthetic valve based on the flow and

based on the pressure differential.
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