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MEMBRANE-DEFORMATION MAPPING
TECHNIQUE

CROSS-REFERENCE TO RELATED
APPLICATION

The present application is based on and claims priority to
U.S. Provisional Application 61/135,475 having a filing date
of Jul. 21, 2008, which is incorporated by reference herein.

BACKGROUND

Bioprosthetic heart valves (BHVs) are routinely used as
replacements for diseased natural valves. BHVs have lower
risks of thrombogenicity and superior hemodynamics, when
compared to the mechanical valves. However, BHVs do not
have favorable long-term durability, primarily due to early
structural failure of the leaflets. Although a range of failure
mechanisms have been proposed to explain observed leaflet
failures, mechanical stress during valve operation plays a
significant role in failure.

To date, prototype valve durability has been quantified
using experimental equipment (e.g. Rowan Ash fatigue tester,
Helmholtz-type accelerated durability tester) based on FDA/
ANSIAAMI/ISO durability guidelines, even though it has
been shown that accelerated testing performed under current
guidelines has an uncertain relationship with in-vivo condi-
tions. Indeed, accurate assessment of valve durability in a
non-contacting, timely manner is one of the most important
unresolved issues in the basic research of artificial organs.
Because accelerated fatigue testers cannot provide quantita-
tive information related to dynamics of the leaflets, experi-
mental results for BHVs must be assessed within the frame-
work of existing experimental limitations.

Given the difficulty in quantifying the constitutive relation-
ship for the highly nonlinear tissue leaflets in BHVs, a plau-
sible approach that provides quantitative data essential for
reliable model prediction of leaflet durability is to measure
the true, three-dimensional, transient leaflet kinematics dur-
ing the opening and closure of BHVs under conditions that
are similar to those experienced by the human heart. Through
direct measurements, the necessary response characteristics
of the leaflets to physiologic pressure/flow conditions can be
obtained. Furthermore, successful implementation of a non-
contacting deformation measurement system can provide
insight for development of a lab-based experiment capable of
quantifying the constitutive response of thin non-linear mem-
branes, such as the valve leaflet.

Thus, a need exists for a global methodology based on a
non-contacting, image-based measurement method to evalu-
ate the three-dimensional mechanical response of tissue
membranes, such as the heart valve’s leaflets, in response to a
variety of physiologic loading conditions. In addition, it
would be desirable to use digital image correlation combined
with high-speed stereo imaging to measure the transient
three-dimensional deformations of the tissue leaflets under a
number of pulsatile flow conditions.

SUMMARY

In accordance with one embodiment of the present disclo-
sure, a method for deformation mapping of a tissue is pro-
vided. The method includes utilizing a device to measure
transient three-dimensional deformations in a tissue sample.
The device comprises a non-contacting, high-speed stereo
imaging apparatus and a mechanism for digital image corre-
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lation. The method further includes identifying regions of the
tissue that are prone to damage based upon the deformations.

In another embodiment of the present disclosure, a device
for deformation mapping a tissue is provided. The device
includes a non-contacting, high-speed stereo imaging appa-
ratus and a mechanism for digital image correlation. The high
speed stereo imaging apparatus and the mechanism for digital
image correlation are configured to measure transient three-
dimensional deformations in a tissue sample.

Other features and aspects of the present disclosure are
discussed in greater detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

A full and enabling disclosure, including the best mode
thereof, directed to one of ordinary skill in the art, is set forth
more particularly in the remainder of the specification, which
makes reference to the appended figures in which:

FIG. 1 illustrates (A) anterior leaflet of a bioprosthetic
heart valve marked with a number of randomly distributed
dots, (B) partly schematic of tissue leaflet deformation, mea-
suring the deformation of vector R for each point on the leaflet
would result in capturing the leaflet deformation, in accor-
dance with certain embodiments of the present disclosure;

FIG. 2 illustrates (A) dot markers over the anterior leaflet of
a bioprosthetic mitral valve captured as tracing particles; (B)
strain field of the anterior leaflet of the mitral valve while
opening under the effect of trans-mitral flow, in accordance
with certain embodiments of the present disclosure;

FIG. 3 illustrates schematics of the heart pulsed flow simu-
lator system, in accordance with certain embodiments of the
present disclosure;

FIG. 4 illustrates a close-up view of the ventricular sac and
its components, in accordance with certain embodiments of
the present disclosure;

FIG. 5 illustrates a schematic of an integrated stereovision
system viewing the heart simulator, in accordance with cer-
tain embodiments of the present disclosure;

FIG. 6 illustrates a schematic of a two camera stereo-vision
system viewing common point, P, in accordance with certain
embodiments of the present disclosure;

FIG. 7 illustrates a schematic of focal planar surface fit for
strain estimation at surface points, in accordance with certain
embodiments of the present disclosure;

FIG. 8 illustrates a schematic of stereo-imaging process
with air-glass and glass-fluid interfaces, in accordance with
certain embodiments of the present disclosure;

FIG. 9 illustrates the full view of tri-leaflet aortic valve
opening wherein (A) the valve is fully closed; (B) the valve is
opening, and (C) the valve is fully open, in accordance with
certain embodiments of the present disclosure; and

FIG. 10 illustrates a close-up side view of the anterior
leaflet of a tri-leaflet bioprosthetic heart valve at mitral posi-
tion (image taken using a high-resolution monochrome CCD
digital camera, 30 fps, 768x480; TM-9701, PULNiX
America, Inc.), in accordance with certain embodiments of
the present disclosure.

DETAILED DESCRIPTION

Reference now will be made in detail to various embodi-
ments of the disclosure, one or more examples of which are
set forth below. Each example is provided by way of expla-
nation of the disclosure, not limitation of the disclosure. In
fact, it will be apparent to those skilled in the art that various
modifications and variations can be made in the present dis-
closure without departing from the scope or spirit of the
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disclosure. For instance, features illustrated or described as
part of one embodiment, can be used on another embodiment
to yield a still further embodiment. Thus, it is intended that the
present disclosure covers such modifications and variations
as come within the scope of the appended claims and their
equivalents.

When implanted inside the heart, tissue valve prostheses
experience a variety of failure modes, including mechanical
rupture, cyclic degradation under fatigue conditions (e.g.,
cyclic bending strains) and local separation in the presence of
highly concentrated membrane stresses. In particular, flexural
stresses and associated deformations during valve opening
and closure have been reported to play a considerable role in
limiting long-term BHV durability. Additionally, leaflet fail-
ure can be associated with tissue calcification and loss of cusp
extensibility. Besides calcification, ultrastructural disruption
of the extracellular matrix (ECM), including type I collagen
fibrils, has also been noted as a cause of failure. Even so, little
is known about the molecular mechanisms whereby mechani-
cal stress and deformation result in tissue deterioration.

Current tri-leaflet bioprostheses, regardless of the type of
leaflet tissue (e.g. bovine pericardium, porcine leaflets, poly-
urethanes, etc.) have been found to fail frequently within the
commissural region at the leaflet-stent attachments. Rupture
of' the leaflet usually starts at the cusp’s free edge and subse-
quently propagates toward the stent resulting in separation of
tissue from stent. A number of mechanisms can lead to leaflet
failure under cyclic loading. For example, abrasion fre-
quently occurs at the interface of leaflet and stent whereas
cyclic bending strains commonly occurs either at the com-
missures when the valve is fully open or at the center of the
leaflet when the valve is closing.

Accurate assessment of valve durability in a non-contact-
ing, timely manner is one of the most important unresolved
issues in the basic research of artificial organs. ISO 5840 for
Cardiovascular Implants (Cardiac Valve Prostheses), incor-
porated by reference herein, prescribes guidelines for accel-
erated fatigue testing of valves as a widely accepted compo-
nent in development of BHVs. However, varying degrees of
success have been reported in obtaining a correlation between
the defects observed in clinical cases and the failure modes
observed during in-vitro accelerated fatigue tests. This is
particularly true with regard to BHVs. As a result, a non-
contacting method that can quantify the local variations in
mechanical response of the leaflets, leading to the ability to
predict potential future failure of a valve prior to clinical use
through corresponding experimental measurements, can
improve the quality of the heart valves and increase their
functional durability. Such a method would also be most
beneficial if it can assess every heart valve after production
and prior to release in the market.

The present disclosure is directed to a global methodology
based on a non-contacting, image-based measurement
method to evaluate the three-dimensional mechanical
response of tissue membranes, such as the BHV’s leaflets, in
response to a variety of pressure/flow conditions. In particu-
lar, the present disclosure utilizes 3D digital image correla-
tion combined with high-speed stereo imaging to measure the
transient three-dimensional deformations of the heart valve’s
leaflets under physiologic/pathologic flow conditions. This
information results in identifying regions of a leaflet that
incur large deformations and hence may be prone to damage
within the period of valve function. Additionally, this meth-
odology allows non-invasive evaluation of every heart valve
prior to release for clinical use and can detect anomalous
response (i.e., functionally defects) for leaflets operating
under physiologic conditions that appear to be normal under
current testing methods. In-vitro assessment of leaflet defor-
mation under conditions similar to the human heart is a vital
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step to understand the mechanical properties of tissue leaflets
made of biological materials within a heart valve.

The present disclosure further contemplates experimental
approaches for estimating the constitutive response of thin
non-linear membranes using a combination of the non-con-
tacting deformation measurement system and mechanical
loading devices, and a vision-based methodology for non-
invasive, in-vivo assessment of natural heart valves that may
include optical, ultrasound or other incident waves.

While in-vivo study of the mechanical characteristics of a
bioprosthetic heart valve has previously been limited due to
practical difficulties, computational investigations such as
finite element analysis (FEA) are indirect methods that have
been used to study the leaflet’s dynamics. Computational
approaches for predicting structural aspects of the valve
response generally have not considered fluid-solid interac-
tions, with many of the FEA predictions being difficult to
validate in-vivo using available imaging technologies.
Another model idealization that has been employed is to
assume the functional form for the valve motion, an approxi-
mation that may decrease the accuracy of the model predic-
tions.

Recently, an imaging technique has been introduced to
quantify the in-surface, two-dimensional strain map of a
valve leaflet. A non-contacting, structured, laser-light tech-
nique was utilized to project a matrix of 150-200 laser light-
points on the leaflet surface. Since the projected pattern deter-
mines the current shape, but not the true motion of material
point on the surface, the shape measurements were combined,
extracted by tracking the motion of the projected dot pattern
with a Lagrangian quadratic finite element method to deter-
mine the two-dimensional, in-surface strain tensor. Although
this method is considered a non-contacting approach to study
BHVs’ mechanical behavior, the principal limitation of the
approach is that the projected pattern method is confined to
in-surface profile mapping, requiring integration with a com-
putational model to analyze bending and wrinkling of leaflets.

Previously, the present inventors attempted to capture the
three-dimensional deformations of a single leaflet of a bio-
prosthetic mitral valve by employing the defocusing digital
particle image velocimetry (DDPIV) principle in combina-
tion with trans-mitral flow mapping. In order to study the
effect of trans-mitral flow on a mitral valve with deformable
leaflets, tissue membrane deformation was measured within a
left heart pulsed flow simulator. To measure deformation, the
valve was marked with a number of dots, randomly distrib-
uted on the surface of the anterior leaflet (FIG. 1A). The
transient motion of the dots was captured and their individual
displacement and velocities were derived in a Lagrangian
manner (FIG. 2A). The Lagrangian strain field (FIG. 2B) was
computed by assuming that the thin anterior leaflet (leaflet
thickness is much less than in-plane dimensions) was sub-
jected to in-plane loading, with the shear deformation com-
ponents in the thickness direction assumed to be negligible.
Using the additional assumption of incompressibility to esti-
mate F;, the surface deformation gradient tensor (F) was
computed at various times using measured leaflet motions
(FIG. 1B). The corresponding Lagrangian strain tensor (€) is
given by

e= %(FTF—I) o

where F7 is the transpose of deformation gradient tensor and
1 is the identity tensor. Though conceptually feasible, the
DDPIV approach was hampered by technological limita-
tions. For example, current DDPIV cameras cannot capture
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images faster than 30 fps which is far slower than the required
number of frames for mapping the opening/closure of a heart
valve within a cardiac cycle. A high-speed camera with the
capturing capability of 250-1000 fps is required for accurate
quantification of the leaflets’ kinematic through a cardiac
cycle (ranging from 30-100 beat per minute). In another
study, a stereomicroscope system was developed and adapted
to make quantitative, full-field, 3D surface displacement
measurements on mouse aortas with micro-scale spatial reso-
Iution and nano-scale displacement accuracy. The approach
overcomes the major limitation in prior work as the approach
allows measurement of not only the surface profile (3D
shape) but also the full 3D surface displacement fields and the
complete surface strain tensor through differentiation of the
3D displacement field. Preliminary experimental results were
reported when viewing a 0.40 mm diameter artery during
cyclic pressurization, while also noting that the full-field
measurements can be (a) used to identify local variations in
material response or (b) integrated over an arbitrary length to
obtain the average response in a specified region of the speci-
men.

In an effort to overcome the limitations of previous work
including the limitations of DDPIV technique in assessment
of leaflet dynamics, the present disclosure combines high-
speed stereo imaging with digital image correlation to capture
the transient three-dimensional deformations of heart valve’s
leaflets under physiologic flow conditions. Through direct,
non-contacting measurements, the necessary response char-
acteristics of a leaflet under physiologic pressure/flow condi-
tions can be obtained. This information results in identifying
the regions of a leaflet that are prone to damage within the
period of valve function, and can lead to development of
constitutive relationships for stress/strain in nonlinear mem-
branes such as a tissue leaflet.

The present disclosure can be better understood with ref-
erence to the following examples.

EXAMPLES

Certain aspects of the present disclosure can be performed
using the left heart pulsed flow simulator located at the Car-
diovascular Engineering Laboratory in the Department of
Mechanical Engineering at University of South Carolina.
This system is modified to meet the measurement require-
ments of the imaging system developed in accordance with
the present disclosure.

A schematic of the experimental setup will now be
described. However, it should be appreciated that variations
are contemplated to the setup as will be appreciated and
understood to those in the art. Certain embodiments of the
experimental setup are illustrated FIG. 3. The experimental
setup is comprised of a left ventricular silicone sac activated
by a suction pump that generates pressure drop outside the
sac. High-speed cameras monitor mitral and aortic valve
kinematics while a DAQ system records ventricular pressure,
force exerted on the valves and the trans-mitral flow simulta-
neously. The system is comprised of a thin-wall ventricle,
shaped according to molds in the systolic state, and made of
transparent silicone rubber (FIG. 4). A 27 mm bioprosthetic
mitral valve is securely positioned on a load cell that mea-
sures the total force exerted on the valve plane. A Swan-Ganz
catheter is used to measure the LV pressure during cardiac
cycles. A 23 mm bioprosthetic valve is used at the aortic
position. The ventricular sac is suspended over the Plexiglas
atrium (FIGS. 3 and 4) free-floating inside a rigid, water
filled, cubic container. The container is made of Plexiglas to
avoid optical distortion and is connected to a hydraulic pump
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system (Superpump system, VSI, SPS3891, Vivitro systems
Inc., Victoria, BC, Canada). The pump is controlled by a
customized MATLAB interface (MathWorks, Inc. Natick,
Mass.) compatible with a National Instrument Data Acquisi-
tion device. The interface controls the motion of the pump’s
piston according to the predefined functions. The periodic,
pulsatile flow in the circulatory system is generated as a
response of the ventricular sac to the input waveforms pro-
vided by the pump. Appropriate water-glycerol mixture with
viscous property similar to blood can be used as the circulat-
ing fluid. The waveforms are automatically adjusted based on
the position, velocity and pressure feedbacks received by the
power amplifier (VSI, SPA3891Z, Vivitro systems Inc., Vic-
toria, BC, Canada).

Twenty Carpentier-Edwards’ PERIMOUNT bioprosthetic
heart valves (Edwards Lifesciences, Irvine, Calif.) are placed
in mitral and aortic positions for measurement of their leaflet
deformation under a variety of physiological flow during
cardiac cycles. These heart valves are chosen due to their
smooth, macroscopically homogenous leaflet material. The
valves are marked with a number of water-resistant dye par-
ticles, randomly distributed on the surface of the leaflets
(FIGS. 1A and 4).

The physiologic waveforms are generated and applied to
imitate different conditions for the left ventricle (LV). The
waveforms reproduce systolic ratios (SRs) of 35%, 40% and
50%, respectively, where systolic ratio (SR) is the fraction of
time in a cardiac cycle that the LV is in systolic phase. The
frequency of cycles is set to different values for each systolic
ratio group ranging from 0.5 Hz to 1.67 Hz (0.5 Hz=30 bpm;
1.0 Hz=60 bpm; 1.2 Hz=72 bpm; and 1.67 Hz=100 bpm)
reproducing the operational range of cardiac function. Each
experiment is performed for 20 seconds to ensure the consis-
tency and reproducibility of the results. To attain physiologi-
cal conditions, the aortic afterload is set to fluctuate in the
range of 80-120 mmHg (mean 100 mmHg)—similar to nor-
mal human aorta—during each cardiac cycle. The pressure at
the aortic loop is measured by a pressure monitoring system
during the experiment (Deltran DPT-400 Utah Medical Prod-
ucts, Inc, and VSI-TP8891 Vivitro Systems, Inc). The pres-
sure information is used as an input to the feedback control
system that adjusts the stroke ratio of the hydraulic pump
system.

High speed stereo imaging is combined with 3D digital
image correlation to measure the transient three-dimensional
deformations of valve leaflets under physiologic flow condi-
tions. To achieve this objective, two hi-speed cameras (Phan-
tom V7.1, Vision Research, Inc., Wayne, N.J.) are used for
simultaneously acquiring high rate images of the valve leaflet
from two different viewpoints. FIG. 5 shows an optical con-
figuration for stereovision observation of a common region
on the valve’s leaflets. The schematic of a silicone sac model
for LV with the mitral and aortic valves is clearly shown. The
expanded view shows the coronal section of the aortic valve
with the random pattern on its leaflets used to measure full-
field 3D motions by digital image correlation method. Also
shown is an optical window to view the leaflets during flow
pulsation. Two high speed cameras are arranged to view the
aortic valve. Lighting is input and images are output to the
cameras using two mirrors. As shown in FIG. 5, the leaflet is
observed through an optical window and images are digitally
recorded via an 800x600 pixel sensor array (e.g. complemen-
tary metal oxide semiconductor (CMOS) for the V7.1 cam-
era). Full-sensor images can be acquired at 4800 frames/sec,
with increasing speed achievable by reducing spatial resolu-
tion (e.g., 60000 fps for 256x128 pixel array).
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FIG. 6 presents a schematic of the stereo-imaging process
using two cameras. Sensor locations of point P when pro-
jected into cameras 1 and 2 are designated P1 and P2, respec-
tively. Known sensor locations of point P in cameras 1 and 2
can be combined with calibrated camera parameters to opti-
mally locate the true 3D position of P. Each camera converts
the 3D position of a point P into a 2D sensor location. Inspec-
tion of the image process shown in FIG. 6 confirms that
knowing the sensor location of an object point in one camera
is not sufficient to locate uniquely the 3D position. For
example, if only camera 1 is used, then any location along the
line Q, to P, will still be imaged onto the same sensor loca-
tion. To uniquely estimate the 3D position, sensor locations of
a common point in two views are sufficient to extract the
complete three-dimensional position information through
optimal back-projection. To ensure that the same point is
being viewed by both cameras, a matching process is per-
formed to identify the same image subset (i.e., the same
object region) in both camera views. Once the same image
region is located in both views, the camera parameters within
the mathematical imaging model are used to identify the rays
Q, to P, and Q, to P,. The optimal intersection location for
these two rays identifies the 3D location of the common
object point, P (FIG. 6).

When a pinhole camera model is used to describe the
process of imaging a 3D point onto a 2D sensor plane, the
equations can be written in the following form matrix form;

@

EEE

[R]=rotation tensor between world and camera systems
{t}=translation vector between origins of world and cam-
era systems

[AJ=[K][T]
& 0 —Aé i 0 o
[K1=[Al-[Pl=| 0 fA -A4,|=|0 f o
0 0 1 00 1

where (c,, c,) are the sensor plane locations of the image
center (pixels); (fA,, TA,) is the product of the magnification
factors (pixels/unit length) with the image distance from pin-
hole (length); (X,,,Y,,, Z,,) is the 3D position of the point of
interest, [R] contains three independent components and
defines the relative orientation of the camera and world sys-
tems; {t} contains three independent components and defines
the translation of the two systems. In this form, there are ten
parameters to relate 3D positions to 2D sensor positions. If
radial lens distortions are significant, then an additional
parameter, K, is included to correct the image positions,
resulting in eleven parameters to be determined.

Digital image correlation is used to identify matching sub-
set locations in both cameras; each pair of matching sensor
locations corresponds to the same 3D point in space. The
sensor locations are placed in Equation (2) for each camera,
resulting in 4 equations for the 3D position; (X,,,Y,,, Z,,), of
the corresponding object point. The over-determined set is
solved using a minimization process in the sensor plane to
define the best estimate for the common object point location.
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The process is repeated for subsets throughout the image,
resulting in a dense set of 3D positions that represent the
object.

Once a dense set of 3D positions is obtained at each time of
interest, the data can be processed to define the complete
surface strain field at each point on the leaflet. First, as shown
in FIG. 7, a plane is fitted locally to define a tangent-normal-
binormal system at each point P, where (t(P), b(P)) define
orthogonal in-plane directions and n(P) defines the local nor-
mal. Second, the rigid body rotation tensor transforming the
global into the local system, [R, ], is determined. Third, a least
squares quadratic fit is performed for each displacement com-
ponent and the partial derivatives with respect to the world
coordinate directions, (X,, X,, X;), are obtained at the center
point. Fourth, the derivatives are used to obtain the in the
following component form for the Lagrangian strain tensor;
the form used is invariant with rigid body motion so that
overall rotation of the leaflet during pressure cycling will not
affect the strain measurements.
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Equation (3) gives the strains at the center-point of the
region in FIG. 7. To determine the strains in the plane defined
by (t, b), directions (I, II, III) correspond to the orthogonal
directions (t, b, n). Then, the appropriate tensor transforma-
tion can be performed to obtain strains within the specimen
surface plane:

E(Py=Ry (P )'R1[5(P )'Ea[s(P )
E;f(P)=R;(P )'Ru[s(P )'Ea[s(P )

E ;i PY=R (P )'Rllfs(P )'Ea[s(P ) 4)

The process outlined above is repeated at each point to obtain
the Lagrangian strain field experienced by the leaflet.

The primary issue in the vision studies is the effect of
refraction at the air-Plexiglas or Plexiglas-fluid interface on
the stereo-measurements. To perform accurate metrology on
a submerged specimen using optical images, the “air” cali-
bration process can be modified to include the effect of both
the air-glass and glass-fluid interfaces on “system” calibra-
tion. Preliminary simulation results with and without consid-
ering the effects of refraction are presented here.

As shown in FIG. 5, the initial concept for performing
submerged imaging of the BHV during pressure cycling is to
use stationary cameras, stationary mirrors, stationary window
for viewing leaflet and fluid-filled chamber. To demonstrate
the feasibility of performing the measurements with optimal
accuracy, basic theoretical studies and simulations for the
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idealized setup have been performed as shown in FIG. 8.
Simulations indicate that a calibration method can be devel-
oped to calibrate each camera using standard air calibration as
would be known in the art, and additional parameters that
locate an air-water and/or air-glass interface to define the
orientation and position of the interface(s).

Using a calibrated stereo camera system with interface
parameters, preliminary studies performed show that using
air calibration parameters without considering refraction at
the fluid-air interface will result in strain errors >0.05 when
the leaflet undergoes 30° rotation. However, by including
parameters to locate the interface, strain errors are less than
0.002 and generally independent of the angle of rotation of
the leaflet, assuming that cross-camera image correlation
shown in FIG. 8 can be performed. Based on the results, it is
clear that the effect of refraction should be included in the
calibration process to obtain accurate strain values.

In certain aspects of the present disclosure, the heart pulsed
flow simulator can be modified to incorporate an appropriate
transparent viewing portal for the stereo-vision system. Since
most of the components of this system are modular and can be
replaced, the modification envisioned in FIG. 5 can easily be
accommodated. Construction of a combined mirror-camera
system for attachment to the flow loop and experiments to
demonstrate calibration procedures are also readily adaptable
for BHV measurements. Once the modifications have been
completed and a calibration approach demonstrated success-
fully, preliminary validation measurement studies within the
flow loop can be performed to obtain quantitative error esti-
mates. To demonstrate the feasibility of performing the mea-
surements with optimal accuracy, basic theoretical studies
and simulations have been performed for the idealized setup
shown in FIG. 8. Such a technique will be used to calibrate
each camera using standard air calibration as discussed
before. Such a methodology will also be used to locate an
air-water and/or air-Plexiglas interface and to obtain the ori-
entation and position of the interface(s) relative to the cali-
brated cameras. Once full calibration is completed, the com-
bined vision system with interface parameters can be used to
measure the 3D motions of an object submerged in the fluid at
variable depths and subjected to a range of rigid body rota-
tions. Here, the measured surface strain field will provide a
metric for the accuracy of the corrected 3D position measure-
ments.

Obtaining the tri-leaflet deformation scheme during valve
opening and closure (FIG. 9) is also contemplated by the
present disclosure. FI1G. 9 illustrates the full view of tri-leaflet
aortic valve opening. These images are taken with a high-
speed camera (Redlake Inc, Tallahassee, Fla.) with low reso-
Iution (250%250). The aortic valve is viewed from top where
the camera was positioned parallel to the valve. First, the
stereovision system with mirrors will be integrated into the
flow loop system. Second, methods in accordance with the
present disclosure are utilized to allow for ease in calibration
of the imaging system after integration into the flow loop.
Third, calibration and preliminary measurements are
obtained to demonstrate that the system is fully functional
after integration.

After completing this phase, initial measurements of tran-
sient deformations in both aortic and mitral valves can be
obtained. First, the afterload and preload are adjusted to the
desired physiologic conditions. Next, the cameras are syn-
chronized with the pulsatile pump system for correlating
images with specific times-frame in the cardiac cycle. For the
aortic valve, the mirrors will be installed distal to the valve,
properly inclined with respect to the aortic housing (FIG. 5).
For the mitral valve (FIGS. 4 and 9), the required mirrors will

20

25

30

35

40

45

50

55

60

65

10

beinstalled distal to the valve itself within the LV silicone sac.
The mitral setup may require modification to ensure that
stable images are acquired throughout the cardiac cycle. The
leaflets’ response will be studied be under different systolic
ratios and different heart rates (30 bpm to 100 bpm), see FI1G.
10.

In certain embodiments of the present disclosure, the single
leaflet deformation of the previously measured tri-leaflet
valve is measured. Having the same experimental condition,
the deformation of each leaflet will be independently mea-
sured using 3D digital image correlation combined with high-
speed stereo imaging. To measure the deformation of an
aortic valve, the aortic loop component is modified, replacing
a cylindrical section with a prism-shape container where the
prism’s surfaces are parallel with the valve’s leaflets. The
afterload will be adjusted to the values previously discussed
herein to maintain the same experimental conditions. This
configuration will provide an excellent field of view to cap-
ture the deformation of each leaflet. As noted previously, the
vision-based measurement is challenging for the valve placed
at the mitral position. Preliminary concepts envision an appa-
ratus comprising two spatially adjustable mirrors being
placed around the sac inside the cubic Plexiglas chamber.
This apparatus can rotate around the valve to provide an
appropriate field of view for each leaflet. The imaged is cap-
tured by high-speed cameras outside the cubic chamber, con-
sidering the refraction coefficients of Plexiglas, water and
silicone sac.

The primary data will be the transient shape and displace-
ment fields for the leaflets on the aortic and mitral valves,
along with the corresponding LV pressure measurements (P).
The shape and deformation data obtained for each point on
the leaflet will be processed to generate full-field measure-
ments for; (1) displacement vector d(P, t), (2) velocity v(P, 1)
and acceleration vectors a(P, 1), (3) strain tensor E(P, t) and (4)
strain rate metrics E(P, t). It is noted that the data can be
analyzed to obtain either Lagrangian or Fulerian metrics,
with Lagrangian metrics typically preferred in many applica-
tions where the deformations of a specific material point are
of interest. The measurements will be analyzed in a variety of
ways to elucidate trends or specific features in the leaflet
response. For example, a leaflet deformation/strain map as
function of time during a complete cardiac cycle is generally
of interest, especially when seeking information regarding
high and low strain regions and their evolution. The measured
response of the leaflet throughout a cardiac cycle offers
opportunities for analytical comparisons. Following the gen-
eral approach further described herein, the measured tran-
sient motions and surface deformations on the leaflet under a
variety of physiologic loading conditions provides opportu-
nities for relating finite element analysis predictions to quan-
titative measurements. Furthermore, the data also suggests
the potential for use of inverse methods to estimate the con-
tinuum-type constitutive response of the leaflet, provided that
the loading conditions (e.g., surface interactions) are reason-
ably well known.

Accurate simulations to predict the measured motions and
deformations of a leaflet require knowledge of the boundary
conditions (e.g., applied pressure, local fixity of leaflet
regions) together with the constitutive properties of the mate-
rial. Experimentally, flow conditions can be monitored to
provide reasonable fluid pressure estimates. However, even if
the pressure distribution on the leaflet is known with accept-
able accuracy, it is unlikely that measured surface deforma-
tions and motions will be sufficient to develop an inverse
procedure for estimating a reasonable number of leaflet mate-
rial properties.
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As an example, simple pressurization of a membrane has
previously been employed in an effort to extract four distinct
material properties using selected surface motions for com-
parison. Noting that the results of the optimization procedures
described a material parameter set capturing the experimental
data in an objective best sense, the results they observed were
non-unique in general, requiring additional measurements to
estimate all four parameters. A similar result was found when
combining (a) strain measurements during pressurization of a
vessel and (b) simple axial loading of the vessel, confirming
that additional experimental measurements are needed to
quantify specific constitutive parameters (e.g. the through-
thickness stiffness parameter).

In accordance with the present disclosure, an experimental
approach to quantify leaflet constitutive properties using the
non-contacting vision method together with biaxial, tension
and tension/torsion loading is contemplated. In this regard, a
biaxial loading apparatus, a tension-torsion loading system
(Bose, EIf 3200 tension-torsion system), a miniature uniaxial
loading system (Fullam) and a Plexiglas environmental
chamber for mechanical loading in a submerged environ-
ment, can be utilized. In particular, methodologies can be
employed with appropriate material models for the leaflet to
quantify constitutive parameters for the leaflet, as well as
other membrane materials, through modification of existing
facilities. Results from the experimental studies (e.g.,
mechanical loading, microstructural characterization) can be
combined with appropriate simulation methods and reason-
able material models (e.g. Mooney-Rivlin, Ogden and
Arruda-Boyce) to estimate leaflet constitutive properties.
These results can be employed in simulations of the in-vivo
motion to assess the quality of the predictions and provide
additional validation data for the constitutive model and
parameters.

The results of the present disclosure introduce a new meth-
odology to identify the presence of currently undetectable
structural defects in bioprosthetic heart valves. The methods
described herein can lead to improved quality and structural
durability of these valves, while preventing the release of
defective ones for clinical use. Additionally, the results
obtained herein have the potential to impact the industry to
improve the current valve design and to initiate novel tech-
nologies for assessment of percutaneous heart valve systems.
The proposed methodology is not only adaptable for conven-
tional surgically implantable valves, but also can be used to
evaluate novel percutaneous valve devices. This approach can
be applied for validation of new design concepts as well as
screening of novel heart valve materials, thereby accelerating
the development of the next generation of heart valves. In
addition, successful implementation of a non-contacting,
image-based measurement method for measuring 3D strains
can be employed to extend the method to use ultrasonic waves
instead of light to quantify the 3D strain field of a natural heart
valve within the heart itself; this approach has the potential
for use in cardiac studies. The method could result in non-
invasive quantification of natural heart valves function which
is considered a remarkable step in early diagnosis of valvular
heart diseases.

In the interests of brevity and conciseness, any ranges of
values set forth in this specification are to be construed as
written description support for claims reciting any sub-ranges
having endpoints which are whole number values within the
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specified range in question. By way of a hypothetical illus-
trative example, a disclosure in this specification of a range of
1-5 shall be considered to support claims to any of the fol-
lowing sub-ranges: 1-4; 1-3; 1-2; 2-5; 2-4; 2-3; 3-5; 3-4; and
4-5.
These and other modifications and variations to the present
disclosure can be practiced by those of ordinary skill in the
art, without departing from the spirit and scope of the present
disclosure, which is more particularly set forth in the
appended claims. In addition, it should be understood that
aspects of the various embodiments can be interchanged both
in whole or in part. Furthermore, those of ordinary skill in the
art will appreciate that the foregoing description is by way of
example only, and is not intended to limit the disclosure.
What is claimed is:
1. A method for deformation mapping of a tissue compris-
ing:
utilizing a device to measure transient three-dimensional
deformations in a tissue sample comprising a heart valve
under physiologic flow conditions which replicate valve
opening and closure, the device comprising a non-con-
tacting, high-speed stereo imaging apparatus, a pulsatile
pump system configured to provide periodic pulsatile
flow of fluid through the heart valve, and a mechanism
for digital image correlation, wherein the pulsatile pump
system is configured to operate in synchronization with
the high speed stereo imaging apparatus; and

identifying regions of the tissue that are prone to damage
based upon the deformations.

2. The method as in claim 1, wherein the heart valve com-
prises a bioprosthetic heart valve.

3. The method as in claim 1, wherein the high speed stereo
imaging apparatus comprises twWo cameras.

4. The method as in claim 1, further comprising marking
the surface of the tissue with particles.

5. The method as in claim 4, wherein the particles comprise
water-resistant dye particles.

6. A device for deformation mapping a tissue comprising:

a non-contacting, high-speed stereo imaging apparatus, a

pulsatile pump system, and a mechanism for digital
image correlation, wherein the high speed stereo imag-
ing apparatus and the mechanism for digital image cor-
relation are configured to measure transient three-di-
mensional deformations in a tissue sample comprising a
heart valve under physiologic flow conditions which
replicate valve opening and closure and identify regions
of the tissue that are prone to damage based upon the
deformations, and wherein the pulsatile pump system is
configured to provide periodic pulsatile flow of fluid
through the heart valve and operate in synchronization
with the high speed stereo imaging apparatus.

7. The device of claim 6, wherein the high speed stereo
imaging apparatus comprises one or more mirrors.

8. The device of claim 6, wherein the high speed stereo
imaging apparatus comprises twWo cameras.

9. The device of claim 8, wherein the cameras are high
speed cameras.

10. The device of claim 9, wherein the high speed stereo
imaging apparatus comprises an optical window, the tissue
sample being capable of being observed through an optical
window by the high speed cameras.
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