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Abstract—Numerical models of the mitral valve have been
used to elucidate mitral valve function and mechanics. These
models have evolved from simple two-dimensional approx-
imations to complex three-dimensional fully coupled fluid
structure interaction models. However, to date these models
lack direct one-to-one experimental validation. As computa-
tional solvers vary considerably, experimental benchmark
data are critically important to ensure model accuracy. In
this study, a novel left heart simulator was designed
specifically for the validation of numerical mitral valve
models. Several distinct experimental techniques were collec-
tively performed to resolve mitral valve geometry and
hemodynamics. In particular, micro-computed tomography
was used to obtain accurate and high-resolution (39 um
voxel) native valvular anatomy, which included the mitral
leaflets, chordae tendinae, and papillary muscles. Three-
dimensional echocardiography was used to obtain systolic
leaflet geometry. Stereoscopic digital particle image veloci-
metry provided all three components of fluid velocity
through the mitral valve, resolved every 25 ms in the
cardiac cycle. A strong central filling jet (V' ~ 0.6 m/s) was
observed during peak systole with minimal out-of-plane
velocities. In addition, physiologic hemodynamic boundary
conditions were defined and all data were synchronously
acquired through a central trigger. Finally, the simulator is
a precisely controlled environment, in which flow condi-
tions and geometry can be systematically prescribed and
resultant valvular function and hemodynamics assessed.
Thus, this work represents the first comprehensive database

Address correspondence to Ajit P. Yoganathan, Wallace H.
Coulter Department of Biomedical Engineering, Georgia Institute of
Technology and Emory University, 313 Ferst Drive, Suite 2119,
Atlanta, GA 30332-0535, USA. Electronic mail: ajit.yoganathan@
bme.gatech.edu

of high fidelity experimental data, critical for extensive
validation of mitral valve fluid structure interaction simu-
lations.
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INTRODUCTION

Disruption of the delicate geometric and mechanical
balance between the components of the mitral valve,
including the annulus, leaflets, chordae tendineae, and
papillary muscles, often results in mitral regurgita-
tion.'*'”% Surgical repair is the preferred medical
therapy as it is considered superior to replacement with
reduced operative mortality and thromboembolic
complications, while exhibiting greater survival and
better preservation of left ventricular function.®*
However, surgical repair remains more challenging and
the current national repair rate is only 40%.> Recent
practices to improve pre-operative planning, through
the use of real time three-dimensional echocardiography
and predictive computational modeling, are expected to
help increase repair rates and improve the outcomes.'
These tools can provide better visualization and
understanding of pre-operative mitral valve geometry,
lesion indication, and potential post-operative function.

Numerical models of the mitral valve have evolved
from simple, two-dimensional mathematical approxi-
mations to three-dimensional patient specific models
with fluid-structure interaction.”>***® These evolving
methods can provide a unique and non-invasive anal-
ysis of mitral valve function and biomechanics, and
evaluate fluid flow characteristics pre- and post-oper-
atively.?*2%*" More recently, medical imaging has
been employed to extract patient specific mitral valve
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anatomy for direct surgical applications, such as
patient specific annuloplasty ring design, MitraClip
implantation and closure, and predictive virtual mod-
ification of the annulus and chordae,™'316-27:33:41.43.46
However, as numerical mitral valve models have
grown in complexity, from utilizing patient specific
leaflet profiles, non-uniform thickness, to prescribed
macrostructure, most still lack direct one-to-one
experimental validation. Typically, the computed
endpoints of the numerical solvers are compared to
previously published data, for which only mean values
are available, and often result in mismatches in valve
geometry and boundary conditions. As computational
solvers can vary considerably (from execution with
commercially available packages to in-house custom
codes), experimental benchmark data are important to
ensure model accuracy.*” Without such validation
against benchmark data, the computational model is of
“questionable” value in its clinical utility. As rightly
pointed out by Einstein and colleagues, °...three-
dimensional in vitro flow, deformation and strain data
with a native mitral valve are sorely needed”.'!
Herein, we present a novel left heart simulator
designed specifically for the validation of mitral valve
fluid structure interaction models. Several distinct
experimental techniques were collectively performed to
resolve mitral valve geometry and hemodynamics. In
particular, micro-computed tomography and three-
dimensional echocardiography were used to obtain
high-resolution valvular anatomy and systolic leaflet
geometry, while stereoscopic digital particle image
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velocimetry provided detailed characterization of the
mitral flow field. In addition, physiologic hemody-
namic boundary conditions were defined and all data
were synchronously acquired through a central trigger.

MATERIALS AND METHODS

A novel left heart simulator was designed and
manufactured for the comprehensive experimental
validation of numerical mitral valve models.'*'?** In
particular, the modular design was optimized to allow
for micro-computed tomography (micro-CT) and dig-
ital particle image velocimetry (DPIV) techniques
(Fig. 1). The valve-mounting chamber was designed
such that the same valve could be investigated using
multiple experimental methods, without requiring dis-
assembly of the ventricular chamber, or agitation to
the mitral valve geometry. The left heart consists of a
thin walled acrylic chamber (z = 0.635 cm) with a
cylindrical cross section (¢p = 8.89 ¢cm), thus making it
accessible to micro-CT imaging with quick removal of
the aortic and atrial chambers. The cylindrical design
results in uniform scattering and X-ray absorption,
which yields a cleaner valve segmentation. The acrylic
thin wall minimizes both X-ray energy absorption and
optical refractive index disturbances. The aortic cham-
ber was designed at a 135° angle from the mitral valve to
preserve their physiologic spatial orientation.** The
aortic chamber houses a 25 mm bi-leaflet mechanical
heart valve (Medtronic Parallel; Minneapolis, MN).

Aortic Chamber
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FIGURE 1. The modular left heart was designed to allow for micro-CT imaging and stereoscopic PIV of native mitral valves. The
atrial and aortic chambers are removed, while the left ventricle and mitral valve geometry are left unperturbed.
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A cloth covered silicon and acrylic annulus plate allows
for mounting native mitral valves. A spring and metal
wire drawstring annulus'” was not used as the metal del-
eteriously scatters the X-rays creating large image arti-
facts and poor micro-CT reconstruction. The papillary
muscles were attached to mechanical holders, which allow
for three-dimensional positioning (apical-basal, septal—
lateral, anterior—posterior) of the native papillary mus-
cles. The papillary muscles and annulus were fixed in
space for multiple experimental techniques. The experi-
mental platform closely simulated the physiologic
hemodynamic environment of the mitral valve, which was
controlled using lumped compliances and resistances.
The annulus and papillary muscles holders were also
capable of being dynamically adjusted during experi-
mentation to mimic various disease conditions, without
requiring any disassembly or stopping of the experiment.

Mitral Valve Selection and Preparation

Fresh ovine hearts were procured from a local
abattoir. Mitral valves were sized using a Carpentier-
Edwards Physio II annuloplasty ring sizer (Edwards
Lifesciences; Irving, CA); size 28 mitral valves were
selected for this study.

The mitral apparatus—annulus, posterior and ante-
rior leaflets, chordae tendineae, and papillary mus-
cles—were excised from the explanted heart. The mitral
annulus was sutured to an annulus plate and the pap-
illary muscles were attached to mechanical rods. The
native valve was mounted in the left ventricle of the
simulator and the mitral annulus and papillary muscles
were set to their normal positions as previously
described.'® The resulting valvular annular geometry
and papillary muscle positions were retained through-
out each experimental measurement technique. The
simulator was filled with 0.9% saline solution and leaflet
dynamics and coaptation geometry were studied at
room temperature under physiologic hemodynamic
conditions (120 mmHg peak left ventricular pressure,
4.8 L/min average cardiac output at a heart rate of
70 beats per minute) to ensure proper valvular function.

Atrial, ventricular, and aortic pressures were mea-
sured using pressure transducers (Deltran® DPT-200,
Utah Medical Products, Inc.; Midvale, UT). An inline
electromagnetic flow probe (600 series, Carolina
Medical Electronics; East Bend, NC) mounted
upstream of the left atrium was used to measure
transmitral mitral flow. Data were acquired for 15
cardiac cycles at 1 kHz using a custom LabView
Virtual Instrument (v.9.0, 2009, National Instruments
Corporation; Austin, TX). A central trigger was used
to acquire synchronous data for all modalities.

Three-Dimensional Echocardiography

3D echocardiography was acquired using a Phillips
Intera machine (Phillips iE33 system, Phillips Health-
care; Andover, MA), with an X7-2 pediatric probe.
Full volume images were acquired with good temporal
resolution (~50 Hz). A validated in-house MATLAB
code was used to extract the mitral leaflet geometry for
comparison with in vitro and in silico leaflet kinematics
(Icenogle et al. 2012 in preparation). In short, J-splines
were used for semi-automatic segmentation of the
posterior and anterior mitral leaflets during peak sys-
tole. 18 long axis apical-basal slices across the valve
were used for segmentation (slice thickness ~2.8 mm)
and data were interpolated using an algorithm which
was based on the weighted average of the positions of
the surrounding points (Butterfly mesh refinement).'®
This scheme smoothly interpolates new points in any
triangular mesh without changing the position of the
original vertices. This ensured the user-selected seg-
mentation was not modified during mesh interpola-
tion.

Stereoscopic Digital Particle Image Velocimetry

Following geometry and mechanical characteriza-
tion of the mitral valve, the Left Heart Simulator was
adapted for DPIV. The working fluid was 36% glyc-
erin in water, which was used to match the kinematic
viscosity of blood (3.5 ¢St). The ventricular chamber
was immersed in an external rectangular chamber
containing the same working fluid to minimize optical
distortions resulting from the curved cross-section.
Neutrally buoyant florescent seeding particles (PMMA
with RhB dye, 1-20 um, Dantec Dynamics; Denmark)
were imaged using a laser light source (Nd:YAG lasers,
17 mJ/pulse, 532 nm, ESI Inc.; Portland, OR). The
laser beam was adapted with appropriate optics to
create a laser sheet (1 mm thickness) bisecting the
mitral valve parallel to the septal-lateral long axis
plane (Fig. 2). Due to the presence and obstruction of
the papillary muscles in the field of view, the angle of
the camera was adjusted (~30°) to increase the portion
of the flow field that could be imaged. However, the
non-orthogonal viewing angle of the camera resulted
in velocity bias due to contamination with the out-
of-plane velocity. In order to resolve this bias, as well
as to capture the three-dimensional velocity field
through the valve, stereoscopic PIV was performed.
Two CCD cameras (Imager Pro, 1600 x 1200 px,
LaVision; Germany) with a Nikon Micro-Nikkor
60 mm lens were arranged in a stereoscopic configu-
ration on either side of the ventricular chamber, at an
angle to optimize optical access to mitral flow.
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(a)

Camera 2

Laser Plane

FIGURE 2. (a) Stereoscopic configuration of the CCD cameras and orientation of the laser plane used for PIV measurements.
(b) and (c) Representative images of the resultant PIV field of view from the two cameras.

The cameras were mounted with Schiempflug
adapters to ensure the entire field of view of particles
was in focus. An orange filter eliminated reflected laser
light (cut-off wavelength = 560 nm, Hoya Optics,
Santa Clara, CA) and only captured fluorescent scat-
tering from the seeding particles.

To enable stereoscopic reconstruction of the full
velocity vector in the plane of interest, a calibration
procedure was performed. A three-dimensional two-
level target was positioned in the laser plane and
imaged from both cameras. Using the Calibration
function in DaVis 7.2 (LaVision; Germany), a poly-
nomial mapping function of the image plane was cre-
ated.*® This mapping function was utilized in DaVis
7.2 to reconstruct the three components of velocity in
the imaging plane.

Data were acquired at room temperature for adult
pulsatile hemodynamic conditions of 4.8 L/min car-
diac output, 120 mmHg transmitral pressure at
70 bpm heart rate. 50 phase locked image pairs were
acquired every 25 ms in the cardiac cycle. The time
difference (dt: 200-1000 us) between image pairs was
optimized for each point in the cardiac cycle to capture
high fidelity velocity vectors (particle displacement 58
pixels).

Particle cross correlation was performed on the
images using multi-pass interrogation with decreasing
window size (64 x 64 to 32 x 32 pixels) in DaVis 7.2.
A single mask was created based on the combined
calibrated camera images, such that regions of the
imaging plane obstructed from either camera were
masked out. Consequently, vectors were only calcu-
lated in regions where flow was visible from both
cameras, improving data accuracy and minimizing the
calculations of erroneous vectors. Since the leaflets of
the valve moved during different points in the cardiac
cycle, different masks were created for each time point.
The resulting vector fields were ensemble averaged and
three dimensional velocity fields across the cardiac
cycle were obtained.
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Micro-computed Tomography

The atrial chamber and aortic section were removed
from the left heart simulator, and the left ventricle was
fixtured to the micro-CT gantry using a custom
adaptor plate. The mitral valve geometry was retained
from the earlier hemodynamic characterization. The
mitral valve was scanned in air under ambient pressure
(~1 atm, mitral leaflets were open) using a vivaCT 40
system (Scanco Medical AG; Briittisellen, Switzer-
land). The geometry was acquired at 39 um voxel size
(~600 image slices) using scanning parameters opti-
mized for low density soft tissues (55 keV energy,
109 uA intensity, and 300 ms integration time).

A Gaussian filter (o = 1.2, support =2) was
applied to the image data to remove signal noise and
improve edge enhancement. Slice by slice user initial-
ized contouring was performed to define the valve
anatomy to be included for segmentation. Gray scale
images were filtered and converted to binary images
using upper and lower bound thresholds.” An in-house
MATLAB (R2010a, The MathWorks; Natick, MA)
program was used to segment mitral valve anatomy
through canny edge detection. GeoMagic Studio (12;
Morrisville, NC) was used to mesh, smooth, and
visualize resultant mitral valve geometry.

RESULTS

Hemodynamic Characterization

Representative mitral flow and atrial, ventricular,
and aortic pressure are shown in Fig. 3. As the flow
waveforms were tuned to the same parameters for both
saline and glycerin blood analogs, only a single rep-
resentative waveform is shown (taken from the DPIV
experiments). The ensemble averaged mitral flow was
4.8 £ 0.1 L/min, corresponding to a stroke volume of
69.0 & 2.1 mL; the closing volume was 6.5 4+ 0.6 mL.
Peak mitral flow rate was 13.2 L/min. Left ventricular
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pressure peaked at 125.6 + 1.7 mmHg, and the rate of
LVP (dLVP/dt) increase was 1506 4+ 52.8 mmHg/s.
Aortic pressure was 122 £ 1.8/52 £+ 0.9 mmHg. Dias-
tole lasted approximately 560 ms (as denoted by
positive flow through the mitral valve); the remaining
300 ms comprised systole. The mitral valve closed in
approximately 100 ms (as observed in the retrograde
flow) and remained closed for 200 ms (zero flow). The
results were presented as mean + 1 standard deviation.
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FIGURE 3. Atrial (dotted line), ventricular (solid), and aortic
pressure (dashed) are plotted for a representative cardiac
cycle. Mitral flow is plotted for a representative cardiac cycle.
PIV data (red dots) were acquired every 25 ms in the cardiac
cycle.

Anterior Leaflet

Commisure

Posterior Leaflet

Geometric Characterization

Peak systolic anterior and posterior leaflet geome-
tries segmented from three-dimensional echocardiog-
raphy are shown in Fig. 4. The leaflets demonstrate
good closure curvature and functional redundancy
creating a competent seal. Annular area was 4.5 cm”.
Coaptation length at the center of the valve was
5.0 mm; this decreased considerably to 2.0 mm near
the commissure. The point of coaptation was 9.3 mm
from the anterior annulus and occurred 2.3 mm from
the annular plane. Different time points in the cardiac
cycle have been similarly segmented for distinct com-
parison of leaflet motion with numerical simulation
across the cardiac cycle.

MicroCT derived geometry is shown in Fig. 5.
Imaging the valve in air provided excellent contrast for
reconstruction. The left ventricular chamber had
minimal interference, which allowed a high quality
segmentation to be performed. Two defined leaflets
with small commissural scallops were observed.
Chordae tendineae, derived from each papillary mus-
cle, were inserted into the mitral leaflets. The chordal
structures were well defined and show continuous
insertions into the free edge, belly, and base of the
mitral leaflets. Leaflets and chordal structure were
asymmetric and have varying lengths and thicknesses.
Comparatively, numerical simulations have begun to
apply such geometric features.>**> Additionally, unlike
present numerical approximations, the chordae do not
originate from a singular point on the papillary mus-
cles; chordal insertions vary along the body of each
papillary muscle. Chordae also appear to branch or
diffuse radially into the mitral leaflet, which is typically
not represented numerically. The reconstructed annu-
lus and papillary muscles can be registered to the
CAD model of the left heart simulator for use in
computational modeling.

Coaptation Zone

FIGURE 4. Two views of the segmented mitral leaflets derived from three-dimensional echocardiography are shown. 18 long-axis
slices (dotted lines) were used for semi-automated segmentation of the anterior (red) and posterior (gray) leaflets.
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FIGURE 5. Highly resolved mitral valve geometry as a result of micro-CT imaging and segmentation.

Stereoscopic Particle Image Velocimetry (SPIV)

Figure 6 shows the ensemble-averaged vectors fields
at four time points in the cardiac cycle. During early
systole, the flow field was mostly quiescent when both
the mitral and aortic valves were closed (Fig. 6a).
During early diastole, the mitral valve opens and flow
begins to accelerate through the mitral valve. This is
indicated by the velocity vectors into the ventricle
originating from the mitral orifice. Flow is primarily
oriented perpendicular to the mitral annular plane,
with some entrainment of fluid from the quiescent
portions of the ventricle, particularly near the top and
bottom of the image shown here (Fig. 6b). The peak
velocity of flow through the valve is about 0.4 m/s in
the center of the filling jet.

At peak diastole, a strong central filling jet was
observed (Fig. 6¢). The peak velocity observed in this
jet was about 0.6 m/s, which is similar to the velocities
observed in flow through the mitral valve in clinical
studies using echocardiography and in in vitro studies
on native mitral valves.”*>* The mitral filling jet
appears anteriorly oriented, as indicated by the veloc-
ity vectors overlaid on the contour plot. This is indic-
ative of the relative mobility of the two leaflets, with
the anterior leaflet having slightly higher mobility
resulting in the jet skewing slightly towards the ante-
rior side of the valve. This is similar to jets observed in
clinical studies using phase contrast magnetic reso-
nance imaging (PC-MRI) and echo-PIV.'>2%21 Ag
suggested by Kilner ez al.,*' the dominant direction of
flow through the mitral valve is observed to be towards
the anterior mitral leaflet free edge. This diastolic
jet also causes some entrainment of fluid from the
quiescent region near the aortic outflow, indicated by
the redirection of flow towards the central jet. The
Reynolds number of the flow through the mitral valve,
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based on the cardiac output at peak diastole (15 L/
min) and mitral annular area (4.5 cm?) is about 3370.

During end diastole, ventricular pressure increases,
slowing and reversing flow through the mitral valve
and ultimately forcing it shut. This is indicated by the
velocity vectors oriented towards the mitral annulus
(Fig. 6d). There is minimal flow in the remaining
portions of the ventricular chamber during this time
point in the cardiac cycle. The aortic outflow is out of
the desired field of view for this experiment. No flow
was observed when the mitral valve was closed (not
shown) as the valve was competent.

Figure 7a shows contours of the out-of-plane
velocity (W) at peak diastole. The low magnitude of W
through the entire field of view indicates that the flow
is predominantly two dimensional through the native
mitral valve, which can be expected in the central plane
of the normal valve. However, it is expected that mitral
flow velocity and direction may be affected with
abnormal valve geometry, as with leaflet tethering
caused by papillary muscle displacement or with edge-
to-edge repair. Similar low out-of-plane velocities were
observed at all points in the cardiac cycle that were
studied. Figure 7b shows the out-of-plane vorticity
during peak diastolic filling through the mitral valve.
As expected, the highest magnitudes of vorticity are
observed at the edge of the central filling jet. The
region of clockwise fluid rotation, indicated by the
negative vorticity values, appears stronger and more
coherent compared to the positive vorticity observed
near the papillary muscle shown.

DISCUSSION

Surgical strategies and outcomes of mitral valve
repairs significantly depend on surgical skill and
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FIGURE 6. Stereoscopic flow fields through the native mitral valve. Contour plots of the velocity magnitude with superimposed
velocity vectors are shown at four points in the cardiac cycle. (a) Early systole. (b) Early diastole. (c) Peak diastole. (d) End diastole.
The overlaid flow curve is used to indicate the time point in the cardiac cycle where the data were acquired. Image convention for
all panels of this figure and Fig. 7 are shown denoted in (c).
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FIGURE 7. (a) Contour plot of out-of-plane velocity (W). (b) Contour plot of out-of-plane vorticity.
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experience currently.” The repair strategy is typically
determined based on a 2-D/3-D echocardiographic
assessment of the mitral valve and the left ventricle.®'?
However, in addition to echocardiographic assessment
of the valve, it is important to understand and char-
acterize the hemodynamic alterations in the flow
through the mitral valve as a result of disease as well as
repair. Numerical models provide the ideal test bed for
such a “‘surgical planning” platform, with their ability
to mimic complex repair procedures preopera-
tively, ! 316:27:3341.4346 However, high fidelity experi-
mental data are necessary to validate these fluid
structure interaction models, before they can be put
into widespread clinical use. Unfortunately, the com-
plex geometric and hemodynamic environment asso-
ciated with the native mitral valve is an extremely
challenging platform to obtain high-resolution fluid
and geometric data. The current study represents a
novel platform to provide these data for one-to-one
validation with FSI models.

A novel left heart simulator was designed specifi-
cally for the direct experimental validation of compu-
tational mitral valve models. Specifically, the modular
design allowed multiple experimental techniques to be
performed for a single mitral valve without perturbing
the geometry. The experimental platform closely sim-
ulated the physiologic hemodynamic environment of
the mitral valve. The atrial, ventricular, and aortic
pressures and the mitral flow were stable and well
simulated.* Additionally, the waveforms were easily
tunable and can simulate various pathologies such as
hypertension or congestive heart failure.

Geometric characterization was performed using
two complementary state of the art medical imaging
modalities. Micro-CT imaging was performed because
the high spatial resolution was necessary to accurately
resolve the detailed and intricate chordal branching. In
particular, no other modality is currently capably of
reliably imaging the marginal chordae, which control
leaflet coaptation, and are thus critical to numerical
modeling accuracy. Three-dimensional echocardiogra-
phy was used because it can non-invasively capture
dynamic leaflet motion with sufficient spatial and
temporal resolution. Moreover, leaflet geometry can be
quantified at any point in the cardiac cycle. Since peak
systolic and peak diastolic phases are most often
assessed in mitral valve computational models and in
clinical diagnosis. Consequently, the segmented leaflet
geometry can be used for direct numerical comparison.

For the first time, stereoscopic digital particle image
velocimetry was performed on a native mitral valve with
intact subvalvular apparatus to quantify the fluid fields
through and proximal to the mitral valve. This well-
established technique is capable of measuring velocity
vectors with high spatial resolution at any point in the
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cardiac cycle, which is necessary for the direct quanti-
tative validation of computation fluid dynamics.

The current simulator incorporates many aspects of
flow characterization which have not been addressed
by previous studies—(1) The full three-dimensional
velocity vector was resolved using sterecoscopic PIV
(2) The entire sub-valvular apparatus was preserved to
ensure proper valve opening and closing dynamics
(3) The flow through the valve was pulsatile, ensuring
the correct dynamic motion of the valve leaflets. Steady
flow models can only study one specific time point
during the cardiac cycle. (4) Registration of the flow
fields to the valve geometry obtained from 3D echo
and micro CT is straightforward since all measure-
ments are made on the same valve.

Finally, the simulator presents a precisely tunable
environment—bulk hemodynamics and mitral valve
geometry can be prescribed. Fluid dynamics proximal
and through the mitral valve can be systematically
studied under a myriad of carefully tuned conditions.
Such studies can provide insight into the relationship
between mitral valve geometry and left ventricular
filling, and consequently the effects on systolic ejection.

LIMITATIONS AND FUTURE STUDIES

While the mechanical and hemodynamic environ-
ment of the mitral valve was simulated, some limita-
tions existed. The rigid ventricle used in this study did
not mimic native dynamic annular®* and ventricular
motion. However, previous studies in complimentary
experimental and in vivo studies have shown that leaflet
dynamics compare favorably, in spite of this simplifi-
cation.*® Further, the ventricular chamber was not
shaped like a native ventricle, hence this study focused
only on flow immediately distal to the mitral annulus.
However, the relative orientation of the mitral inflow
and left ventricular outflow tract was maintained by
using an angled aortic section (Fig. 1). Only passive
mitral filling was simulated in this study. Late diastolic
flow as a result of atrial contraction will be simulated
in the future using a positive displacement pump
upstream of the mitral valve. Different working fluids
were used for stereoscopic PIV (36% glycerin) and all
other modalities (0.9% saline). Water-glycerin was
necessary to (1) minimize optical distortions between
the acrylic and fluid, (2) match the kinematic viscosity
of blood for more accurate velocity measurements.
Since the pressure field across the valve do not change
between saline and glycerin, although the Reynolds
number is different, the geometry captured in echo-
cardiography should closely match that in the DPIV
experiments.®” This was done because prolonged
exposure to glycerin alters valvular material properties.
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The subvalvular apparatus obstructed portions of the
field of view, however this was due to the need for
optical access for PIV, which was exacerbated by the
need for good viewing windows for two cameras. Future
studies could explore the use of echocardiographic PIV
to eliminate the need for optical access, however the
spatial resolution of that technique might be a limiting
factor. The use of non-metallic components could also
enable phase contrast magnetic resonance imaging
acquisitions on the same valve model.

It should be noted that the work presented in this
manuscript represents an n = 1. The geometric data
presented is that of a singular valve, for which the
subsequent experimental conditions were performed.
This strategically allows for the direct experimental to
computational comparisons. More data on normal,
pathological, and repaired mitral valves will be collected
as these methods have now been carefully developed
and demonstrated. Finally, the valves used in this study
(4.5 cm?) were smaller than previously published ovine
studies (~7 cm?),?** as limited by the micro-CT field of
view; this made direct comparison difficult. However,
basic mitral valve geometrical relations were respected
when the valve was sutured to the annulus plate and
tested. Mainly, the inter-commissural distance was
conserved from the explanted heart, while the anterior
leaflet comprised two-thirds of the coaptation orifice.
Also, the papillary muscles were carefully positioned to
result in physiologic coaptation.

In the future, these newly established methods
would be combined with the serial acquisition of leaflet
strain and chordal forces to characterize mitral
valve tissue mechanics.'>*%33¢ The current work was
focused solely on establishing the methods for fluid
flow validation, which has previously never been done
with a native valve. Additionally, valvular disease, due
to abnormal valvular geometry, and subsequent sur-
gical repair will be simulated.'**' In particular, mitral
regurgitation will be simulated by dilating the mitral
annulus and displacing the papillary muscles. Mitral
annuloplasty, edge-to-edge repair, and leaflet aug-
mentation techniques could be performed as targeted
surgical repairs. Expanded use of echocardiography
will provide clinically relevant measures like color
Doppler and proximal isovelocity surface area (PISA).
Collectively, these studies will improve the surgical
planning capabilities of numerical models.
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