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First published July 11, 2008; doi:10.1152/ajpheart.00284.2008.—We
measured leaflet displacements and used inverse finite-element analysis
to define, for the first time, the material properties of mitral valve (MV)
leaflets in vivo. Sixteen miniature radiopaque markers were sewn to the
MV annulus, 16 to the anterior MV leaflet, and 1 on each papillary
muscle tip in 17 sheep. Four-dimensional coordinates were obtained from
biplane videofluoroscopic marker images (60 frames/s) during three
complete cardiac cycles. A finite-element model of the anterior MV
leaflet was developed using marker coordinates at the end of isovolumic
relaxation (IVR; when the pressure difference across the valve is !0), as
the minimum stress reference state. Leaflet displacements were simulated
during IVR using measured left ventricular and atrial pressures. The
leaflet shear modulus (Gcirc-rad) and elastic moduli in both the commis-
ure-commisure (Ecirc) and radial (Erad) directions were obtained using
the method of feasible directions to minimize the difference between
simulated and measured displacements. Group mean ("SD) values
(17 animals, 3 heartbeats each, i.e., 51 cardiac cycles) were as follows:
Gcirc-rad # 121 " 22 N/mm2, Ecirc # 43 " 18 N/mm2, and Erad #
11 " 3 N/mm2 (Ecirc $ Erad, P % 0.01). These values, much greater
than those previously reported from in vitro studies, may result from
activated neurally controlled contractile tissue within the leaflet that is
inactive in excised tissues. This could have important implications,
not only to our understanding of mitral valve physiology in the
beating heart but for providing additional information to aid the
development of more durable tissue-engineered bioprosthetic valves.

mitral valve material properties; inverse finite-element analysis; ovine
model; radiopaque markers

THE MITRAL VALVE (MV) cycles roughly 100,000 times/day,
opening widely in %100 ms during each heart beat to allow the
rapid diastolic inflow of blood into the left ventricle (LV) from
the low-pressure left atrium (LA) and then closing tightly in
%100 ms to prevent backflow into the LA during high-pressure
LV ejection.

Although the valve performs this function normally in most
hearts for as many as 3 & 109 cycles in a human lifetime, MV
dysfunction afflicts millions worldwide, and more than
300,000 patients each year undergo open-heart surgery to treat
malfunctioning or diseased heart valves. While surgical valve
repair is preferred, valve replacement may be necessary. Re-

placement involves the implantation of a mechanical or tissue
valve, which is associated with anticoagulation/thromboem-
bolic complications and less than ideal durability, respectively.
To overcome these limitations, a currently important research
goal is to create bioengineered, autologous tissue valves. A
more complete understanding of the material properties of
native MV leaflets is important for this task.

Studies of porcine and human MVs ex vivo have demon-
strated that the material properties of the anterior leaflet are
consistent with the behavior of compliant collagen membranes,
with pretransitional moduli of 0.02–0.09 N/mm2 and posttran-
sitional moduli of 0.2–9.0 N/mm2 (8, 22, 33, 42). Supporting
this concept of highly compliant leaflets is the common sight in
the operating room that the anterior leaflet bulges toward the
LA, uniformly concave to the LV cavity, during LV test
inflations (3). Further support arises from a study of casts from
inflated excised hearts displaying this same leaflet curvature
(34). These findings have led to the traditional view that the
anterior leaflet is curved uniformly concave to the LV cavity
during systole in the beating heart, and computational models
of the mitral valve to date have employed such curvature (35,
39, 41, 46, 47, 50, 51).

Our studies, however, have demonstrated that the anterior
leaflet midline, rather than exhibiting uniform curvature con-
cave to the LV, displays a compound curvature in the beating
heart, convex to the LV in the half nearest the annulus and
concave to the LV nearest the leaflet edge (30). This compound
curvature poses an important fundamental challenge to our
understanding of the MV. How can a thin (!1 mm thick)
flexible leaflet with an elastic modulus of %10 N/mm2 support
maximum LV pressure (LVP) without bending concave to the
LV? Clearly, the maintenance of this convex curvature requires
some form of additional support.

The most obvious candidates for this support are the chordae
tendineae attached to the leaflets. A network of primary (first
order) chords runs from each papillary muscle tip to the leaflet
free edges. But these primary chords cannot be the support
needed because they attach only to the leaflet edges and thus
could not prevent the flexible leaflet belly, suspended between
the annulus and the free edge, from ballooning into the LA.
This leaves the second-order (strut) chords as possibilities.
Strut chords from each papillary muscle are positioned to help
support the anterior leaflet belly on the associated side of the
leaflet midline, but when we recently compared anterior leaflet
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midline shape in beating hearts before and after cutting major
branches of both strut chords, the compound leaflet curvature
was virtually unchanged (48).

This suggested the possibility that the leaflets are able to
resist high LV systolic pressure because they are much stiffer
in vivo than in vitro. But why would the leaflets be so much
stiffer in the beating heart than when isolated? The answer may
be straightforward: the leaflets are not just passive collagen
structures, their composition includes large quantities of ex-
cited, neurally controlled contractile tissue, and this tissue,
inactive in studies of isolated tissues, may be active to stiffen
the leaflets in the intact beating heart (59). Employing marker
measurements and an inverse finite-element approach, we
therefore tested the hypothesis that leaflets in the beating ovine
heart in vivo were much stiffer than in vitro values obtained to
date from isolated tissues.

METHODS

All animals received humane care in compliance with the “Princi-
ples of Laboratory Animal Care” formulated by the National Society
for Medical Research and also in compliance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (NIH Pub.
85-23, Revised 1985). This study was approved by the Stanford Medical
Center Laboratory Research Animal Preview Committee, which is ac-
credited by the Association for Assessment and Accreditation of Labo-
ratory Animal Care International, and was conducted according to Stan-
ford University policy.

Surgical Preparation

Seventeen adult, Dorset-hybrid, male sheep (54 " 8 kg) were
premedicated with ketamine (25 mg/kg im) for venous and arterial
catheter placement and checked for mitral regurgitation by trans-
esophageal Doppler echocardiography. Animals without mitral regur-
gitation were anesthetized with inhalational isoflurane (1.0–2.5%),
intubated, and mechanically ventilated. Through a left thoracotomy,
13 miniature radiopaque tantalum markers were surgically implanted
into the subepicardium to silhouette the LV chamber along 4 equally
spaced longitudinal meridians (ventricular markers, Fig. 1A). On
cardiopulmonary bypass, a total of 35 radiopaque tantalum markers
were sewn to the following sites: 1 marker at the tip of each papillary
muscle [anterior (APM) and posterior papillary muscle (PPM), Fig. 1A],
16 markers around the mitral annulus (annular markers, Fig. 1A), 16
markers on the atrial aspect of the anterior MV leaflet [7 on the MV
leaflet edge (markers 1–7, Fig. 1B) and 9 on the leaflet belly (markers
8–16, Fig. 1B)], and 1 marker on the central edge of the middle
scallop of the posterior mitral leaflet (Fig. 1A). A single tantalum loop
(0.6 mm inner diameter and 1.1 mm outer diameter, 3.2 mg each) was
used for each leaflet marker (Fig. 2). Animals were weaned from
cardiopulmonary bypass, and a micromanometer transducer (PA4.5-

X6, Konigsberg Instruments, Pasadena, CA) was placed in the LV
through the LA.

Data Acquisition

Animals were transferred to the experimental catheterization lab-
oratory and placed in the right lateral decubitus position for the
acquisition of data under open-chest conditions. Two micromanome-
ter pressure transducers (model MPC-500, Millar Instruments, Hous-
ton, TX), water column calibrated to define scaling and offset factors,
were introduced into the LV via the carotid artery. The Konigsberg
catheter was advanced from the LA into the LV, and the Konigsberg
and Millar transducer signals recorded simultaneously. Linear regres-
sion of the Konigsberg signal on the LV Millar signal was performed
to define the factors (both slope and intercept) to apply to the
Konigsberg signal to match the LV Millar pressure measurement. The
Konigsberg transducer was then pulled back into the LA for LA
pressure (LAP) measurements, and one of the Millar pressure trans-
ducers was pulled back into the aorta for aortic pressure (AoP)
measurements immediately distal to the aortic valve.

Videofluoroscopic images (60 frames/s) of all radiopaque markers
were acquired using a biplane videofluoroscopy system (Philips Med-
ical Systems, Pleasanton, CA) with the heart in normal sinus rhythm
and ventilation transiently arrested at end expiration. Marker coordi-
nates from each view were then merged to yield three-dimensional
coordinates of the centroid of each marker in each frame using
semiautomated image processing and digitization software developed
in this laboratory (43), accurate to 0.1 " 0.3 mm (14). LVP, LAP,
AoP, and electrocardiographic voltage signals were digitally recorded
simultaneously during marker data acquisition and synchronized to
the image acquisition. After data acquisition, animals were eutha-
nized, and hearts were excised. Ex vivo photographs of the MV and
subvalvular apparatus were used to generate insertion points for the
chordae tendinae on the MV leaflet for the finite-element model.

Hemodynamics and Cardiac Cycle Timing

Three consecutive beats in sinus rhythm were selected for analysis
from each heart. For each beat, end systole was defined as the frame
containing the minimum second derivative of LVP with respect to
time. 'dP/dtmax was computed as the maximum time derivative of
LVP during isovolumic relaxation (IVR). The onset of isovolumic
relaxation (IVR1; Fig. 3) was defined at end systole, and the end of
IVR (IVR2; Fig. 3) was defined as the frame immediately before MV
opening, as the earliest increase (above the systolic variation) in the
separation between the central anterior and posterior leaflet edge markers
(Fig. 3). The finite-element analysis was performed in the interval from
IVR1 to IVR2, when the valve is closed, to 1) allow the definition of
transleaflet pressure that is otherwise indeterminate and 2) eliminate
flow-dependant issues, as LV volume does not change during this
interval.

Fig. 1. A: schematic showing ventricular and annular
marker locations. AML, anterior mitral leaflet; PML,
posterior mitral leaflet; APM, anterior papillary muscle;
PPM, posterior papillary muscle. B: schematic template
showing the anterior leaflet marker grid as viewed from
the left atrium (LA). Marker 20 is the anterior leaflet
saddlehorn marker; marker 4 is the central meridian
leaflet edge marker; and markers 17 and 23 are the
commissural markers. The group mean leaflet dimension
from marker 20 to marker 4 was 1.9 " 0.2 cm; the group
mean leaflet marker dimension from marker 17 to
marker 23 was 3.7"0.7 cm. Inset, radial (R) and circum-
ferential (C) axes for material property definitions.
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Inverse Finite-Element Analysis

Finite-element model. A finite-element model of the anterior MV
leaflet was developed using Hypermesh version 8.0 SR 1 (Altair
Hyperworks, Troy, MI) to construct the geometry and meshing of the
leaflet and Optistruct version 8.0 SR 1 (Altair Hyperworks) as the
solver.

The geometry of the anterior leaflet was initially defined by the
leaflet marker positions measured in Euclidian laboratory coordi-
nates (Fig. 1) at IVR2 (assumed as the minimum stress reference
state). These x,y,z-coordinate values for each of the leaflet and
annular marker positions at IVR2 were entered as points in Hy-
permesh. Five cubic splines were generated through (see Fig. 1B)
the following: 1) markers 17-1-2-3-4-5-6-7-23, 2) markers 18-8-
9-10-11-12-22, 3) markers 19-13-14-15-21, 4) markers 19-16-21,
and 5) markers 19-20-21. These splines were used to generate a
bicubic leaflet surface.

For the purpose of defining MV leaflet material properties, a polar
coordinate system was then defined with origin at the center of the 16
markers defining the saddle-shaped annulus (38) at IVR2. A line from
the origin to marker 20 (the “saddlehorn”) was defined as the leaflet
radial axis (R, Fig. 1). The leaflet circumferential axis (C, Fig. 1) was
defined normal to R and in the plane containing R and the posterior
commissural marker (marker 23, Fig. 1). These commonly used axes
sufficed for this initial effort to solve for the in vivo orthotropic
material properties of the anterior MV leaflet belly and allowed
comparison with previous studies. As more is known about leaflet
microstructure (e.g., fiber and contractile tissue orientation, variation
in architecture throughout the leaflet thickness, etc.), however, more
sophisticated coordinate systems will likely need to be employed to
more appropriately map the heterogeneous properties of the leaflet.

The material model of the leaflet was assumed to be orthotropic
linear elastic (MAT8 material model in Hypermesh). Material prop-
erty values [elastic modulus in the commisure-commisure direction
(Ecirc) # 6.23 N/mm2, elastic modulus in the radial direction (Erad) #
2.35 N/mm2, leaflet shear modulus (Gcirc-rad) # 1.369 N/mm2, and leaflet
density # 0.0011 kg/cm3 ] obtained from excised porcine MV tissue
(47) were used as initial material parameters to seed the material
parameter identification algorithm.

Two separate shells (PSHELL in Hypermesh) were used to define
the varying thickness of the leaflet regions using data obtained from

our histological study of an anterior leaflet from a representative ovine
heart. The first shell defined a region radiating from the annulus
saddlehorn marker (marker 20) to 75% of the leaflet toward the free
edge; this region had thickness values that varied linearly from 1.2
mm at the annulus to 0.7 mm 75% toward the leaflet free edge. The
second shell defined the remaining 25% of the leaflet with a uniform
thickness value of 0.2 mm. The measured thickness change from 0.2
to 0.7 mm at the 75% boundary reflects the presence of strut chords
that insert at that boundary.

The bicubic surface fit of the MV leaflet was then meshed with
two-dimensional noded plane-stress quadrilateral shell elements. An
element size of 0.004 cm2 was selected, yielding a mesh size of
!2,200 elements for a typical anterior leaflet. This mesh size yielded
a total computational time of 1.5 min for each material parameter
identification run, allowing experimental displacements to be matched
with %5% error for the final material properties obtained.

The strut chordae were defined as structures undergoing pure
tension (MAT1 in Hypermesh). A previously published ex vivo
modulus [elastic modulus # 20 N/mm2 and cross-sectional area #
0.008 cm2 (33)] was used for the strut chordae. Tension-only bar
elements (PBARL in Hypermesh) were defined as radiating from the
papillary muscle tip marker points (APM and PPM, Fig. 1A) to leaflet
belly insertion positions (Fig. 4) defined from the anatomic photo-
graphs (e.g., Fig. 2).

The boundary conditions were then enforced on the finite-element
model. The change in measured LVP from IVR2 to IVR1 was applied
to the ventricular surface of the anterior MV leaflet, and the change in
measured LAP from IVR2 to IVR1 was applied to the atrial surface of
the leaflet. The displacements of annular markers (markers 17–23,
Fig. 1B), anterior leaflet edge markers (markers 1–7, Fig. 1B) and
papillary tip markers (APM and PPM, Fig. 1A) were defined using
actual marker data from IVR2 to IVR1.

The Hypermesh finite-element model (as in Fig. 4) was then solved
for the enforced boundary conditions using Optistruct to obtain the
simulated displacements of the leaflet belly markers (markers 8–16,
Fig. 1B). This initial, nominal run assumed anterior MV leaflet
material properties obtained from a previous ex vivo study (47).

Inverse finite-element analysis algorithm. The Optistruct solver
was then interlinked with commercial optimization software (Hyper-
study version 8.0 SR 1, Altair Hyperworks) to run an inverse finite-
element analysis (Fig. 5) to yield the in vivo material properties of the
MV. In this algorithm, model-simulated displacements of the nine
leaflet belly markers (markers 8–16, Fig. 1B) from the nominal run

Fig. 2. Intraoperative photograph of the ovine mitral valve showing ra-
diopaque markers sewn to the anterior leaflet and annulus.

Fig. 3. Left ventricular pressure (LVP), LA pressure (LAP), and normalized
distance between anterior and posterior leaflet edge markers (D, &50) over 4
cardiac cycles from a representative heart. Isovolumic relaxation (IVR) was
defined from the onset of IVR (IVR1) to the end of IVR (IVR2; reference state).
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were compared with actual measured displacements of these nine
markers during IVR to yield an objective function defined as the root
mean squared displacement difference between measured and actual
displacements of the nine leaflet belly markers. Hyperstudy then used
a parameter identification algorithm, the “method of feasible direc-
tions”(4), to minimize the objective function by repeated iterations of
the material properties (Ecirc, Erad, and Gcirc-rad) in the finite-element
model until a global minimum was obtained (Fig. 6).

Using an absolute convergence value of 0.0001 cm (relative con-
vergence of 0.01%) required 15 " 3 iterations and 11 " 2 min for
each heartbeat analyzed. The material property values (Ecirc, Erad, and

Gcirc-rad) obtained at the end of the parameter identification run with
the objective function at its global minimum were interpreted as the in
vivo material properties of the anterior MV leaflet belly during IVR.
That is, these material property values, when used in the finite-
element model for the anterior leaflet belly under the enforced pres-
sure and geometric boundary conditions, produced, as closely as
possible, the same displacements of the nine leaflet belly markers as
those measured experimentally during IVR. Figure 7A shows the
measured displacements for a single heartbeat, and Fig. 7B shows the
residuals between the measured and simulated displacements for all
nine leaflet belly markers for a representative beat in one heart. The mean
of all nine residuals for this one beat was 0.45 " 0.20 mm. The convexity
of the objective function was confirmed by seeding the optimization
algorithm with very low and very high initial material property values.
In both instances, the optimization process settled at the same unique
minimum value of the objective function with the same parameter set.
To further confirm the convexity of the objective function minimum,
an experiment was performed wherein within a 30% range of the final
material property values obtained from the optimization process, all
combinations of Ecirc, Erad, and Gcirc-rad were systematically tested in
steps of 1 N/mm2, and a table of objective function values for different
combinations of material property values was obtained. In this table,
the global minimum of the objective function also corresponded to the
same material property values obtained from the optimization process
using the method of feasible directions; hence, this minimum appears
to be unique.

Sensitivity Analysis

The sensitivity of inverse-finite element solutions to alterations in
leaflet thickness and strut chord elastic modulus was examined. To
study the change in leaflet material properties in response to leaflet
thickness, the inverse-finite element analysis was performed on all
beats with an increase in leaflet thickness to 2 mm at the annulus
[approximating that reported at the annulus for normal human leaflets
(22)], with a linear variation to 1.6 mm at the region 75% toward the
leaflet free edge and thickness increased to 1.2 mm at the leaflet free
edge to approximate the gradient observed in ovine leaflets. To
examine the effect of a change in strut chord elastic modulus, inverse
finite-element analyses were performed on all beats using chordal
elastic moduli one-half (10 N/mm2 ) or double (40 N/mm2 ) the value
obtained from previous ex vivo studies of porcine leaflets (32, 33).

Fig. 4. Typical finite-element model developed by generating a bicubic sur-
face (shown as translucent here) through the marker coordinates at IVR2 (F).
Also shown are the primary and strut chordae modeled as tension-only PBARL
elements radiating from the papillary muscle tips. Measured leaflet edge
displacements were enforced, thus (although shown here) the primary chords
were not required in the present study. Diamonds indicate the points of strut
chord insertion.

Fig. 5. Flow chart indicating the steps involved to solve for the in vivo anterior
mitral valve leaflet material properties using the inverse finite-element analysis
methodology. E, elastic modulus; G, shear modulus.

Fig. 6. Material properties [elastic modulus in the circumferential direction
(Ecirc), elastic modulus in the radial direction (Erad), and leaflet shear modulus
(Gcirc-rad); all in N/cm2] and normalized objective function (scaled automati-
cally by Hyperstudy) versus the number of iterations in a representative
experiment. The material properties were optimized using the method of
feasible directions until a global minimum for the objective function was
reached.
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Statistical analysis. Fifty-one sets of material property values were
obtained from this inverse finite-element analysis. Means and SDs for
Ecirc, Erad, and Gcirc-rad were calculated for each set of 3 consecutive
beats from each of the 17 hearts. A combined mean and SD for the
entire study was also computed. A paired t-test (Sigmastat 2.03, SPSS,
Chicago, IL) was performed between the overall average values of
Ecirc and Erad to examine anisotropy of the anterior mitral leaflet. P %
0.05 was considered statistically significant. One-way ANOVA was
performed to determine whether there was any intergroup variability
for Ecirc, Erad, and Gcirc-rad.

RESULTS

Hemodynamics

Table 1 shows the heart rate, 'dP/dtmax during IVR, and
LVP and LAP at IVR1 and IVR2 used as boundary conditions
in the finite-element model. These pressures varied little during
sequential beats in each individual heart, but important varia-
tions were observed between hearts, providing a test of the
robustness of the inverse finite-element approach under varied
hemodynamic conditions.

Inverse Finite-Element Analysis Results

Table 2 shows Gcirc-rad, Ecirc, and Erad of the anterior MV
leaflet belly obtained from the inverse finite-element analysis

algorithm for each beat in each heart. Residuals for each beat
are also shown in Table 2. Ecirc was significantly greater than
Erad for all hearts and all beats (P % 0.01), indicating that the
anterior leaflet belly in vivo is significantly anisotropic, con-
siderably stiffer in the circumferential than radial direction.
There was no correlation between the material properties
obtained and 'dP/dtmax during IVR (Tables 1 and 2), suggest-
ing that viscosity does not play a significant role in these
findings. These values also show that the in vivo material
properties of the anterior leaflet belly are considerably higher
than values previously reported from ex vivo studies (8, 10, 21,
22, 33, 42), suggesting that leaflets are much stiffer in the
beating heart than when excised. Ecirc in vivo was 5–12 times
greater than posttransitional ex vivo values (21, 22, 33, 42),
Erad in vivo was 2–55 times stiffer than posttransitional ex vivo
values (8, 10, 21, 22, 33, 42), and Gcirc-rad was 60–130 times
greater than values assumed in a previous finite-element studu
of the anterior leaflet (47). One-way ANOVA demonstrated
intergroup variability for Ecirc and Gcirc-rad but no significant
intergroup variability for Erad.

Sensitivity Analysis

Table 3 shows three-beat mean Ecirc, Erad, and Gcirc-rad

values for each heart solved with leaflet thickness values much
greater than those actually measured from sheep hearts, more
nearly approximating those reported for normal human leaflets
(22). Even with these abnormally large values of thickness,
however, these ovine leaflet in vivo values were still consid-
erably greater than those obtained from ex vivo studies, with
Ecirc being 1.9–3.0 times greater and Erad 1.3–3.0 times greater
than such ex vivo values (22).

Tables 4 and 5 show Ecirc, Erad, and Gcirc-rad values for each
heart solved with strut chord stiffness twice and half, re-
spectively, of the ex vivo strut chordae value (20 N/mm2)
used in the present study (33). A large increase or decrease in
the elastic modulus of these strut chords had only a very minor
effect on the resultant material properties for the anterior MV
leaflet belly computed using this inverse finite-element ap-
proach. Note that the strut chordae material properties only
constrain the displacement of those second-order chords that
attach to the leaflet belly. Because the motion of the leaflet
edge is constrained in the model to move as it does experi-
mentally, the material properties of the primary chordae, as
well as any effect of the posterior leaflet pressing against the
anterior leaflet, have no effect on these results.

The centroid of each marker in each time frame of the
two-dimensional images was digitized by experienced person-
nel using custom software. Tests of interdigitizer variability in
the selection of marker centroids with three independent digi-
tizers produced %2% variability in Ecirc, %1% variability in
Erad, and %4% variability in Gcirc-rad. Thus, small variations in
the x-, y-, and z-coordinates of the markers selected by differ-
ent digitizers did not significantly alter the material properties
reported here.

DISCUSSION

The principal finding of this study is that ovine anterior MV
leaflets in vivo are considerably stiffer than values reported for
excised porcine or human anterior leaflets. Previous ex vivo
studies (8, 22, 33, 42) have found posttransitional leaflet Erad

Fig. 7. A: schematic template as viewed from the LA showing color-coded
measured displacements (laboratory coordinates, in cm) of the anterior mitral
leaflet during IVR for 1 cardiac cycle in a representative heart. B: schematic
template as viewed from the LA showing color-coded displacement residuals
(in cm), the absolute value of the difference between actual measured anterior
mitral valve leaflet displacements and the simulated displacements of the
anterior mitral valve leaflet during IVR from the beat shown in A.
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values ranging from 0.2 to 5 N/mm2, whereas Erad values in the
present in vivo study ranged from 4 to 18 N/mm2. These
previous ex vivo studies found posttransitional Ecirc values
ranging from 3.6 to 9 N/mm2, whereas Ecirc values in the
present in vivo study ranged from 13–97 N/mm2. It should be
noted, however, that it is not clear that leaflet strains in vivo
place the leaflet in the posttransitional region of the ex vivo
stress-strain relationship. If, in fact, they operate in the pre-
transitional region, which seems quite likely, then the stiffness
disparity between in vivo and ex vivo results is even greater, by
one to two orders of magnitude.

Another finding from the present study is that the ovine
leaflet belly in vivo exhibits the same significant leaflet anisot-
ropy previously observed in leaflet ex vivo studies, with Ecirc

considerably greater than Erad. In keeping with this finding,

previous ex vivo studies have shown that anterior leaflets exhibit
large radial (4–30%) and smaller circumferential (2–11%) max-
imal stretch under full loading conditions (6, 7, 25, 29, 49).

The large anterior leaflet stiffness found in this study has at
least two plausible explanations. The first and most obvious
possibility is that the thinner ovine leaflets are actually consid-
erably stiffer than human and porcine leaflets, which them-
selves have quite similar material properties (22, 42). This
possibility needs to be addressed by future biaxial studies of
excised ovine anterior leaflets.

A second possibility, as discussed by Williams and Jew
(59), is that leaflets in vivo are active structures, and this
activity is lost when leaflets are excised for static testing.
There are several indirect lines of evidence supporting this
hypothesis.

Table 1. Hemodynamics

Experiment Heart Rate, beats/min
LV 'dP/dtmax During

IVR, mmHg/s LVP at IVR1, mmHg LVP at IVR2, mmHg LAP at IVR1, mmHg LAP at IVR2, mmHg

1 77 1,592"46 82 " 1 11 " 0 10 " 0 7 " 1
2 89 1,560"109 92"1 11"1 8"0 8"0
3 95 905"27 61"2 11"1 5"0 5"0
4 97 1,787"55 99"4 12"1 8"0 7"0
5 107 1,967"123 67"1 10"1 2"0 2"1
6 99 1,120"24 91"1 18"0 1"0 1"0
7 93 1,003"11 95"1 11"2 13"0 9"1
8 93 1,103"39 88"1 12"0 14"0 9"0
9 95 1,284"53 87"1 14"1 11"0 12"0

10 80 858"21 83"0 11"0 11"0 11"0
11 70 991"19 84"1 6"1 8"1 4"1
12 97 1,425"29 85"0 10"1 9"0 9"0
13 70 1,158"15 90"0 9"0 10"0 9"0
14 78 1,439"29 90"0 6"0 7"0 6"0
15 107 1,721"77 98"0 7"0 6"0 6"1
16 80 1,621"69 84"2 4"1 5"1 4"1
17 82 1,346"327 95"4 7"1 8"0 7"0

Group mean " SD 89"11 1,345"320 87"10 10"3 8"3 7"3

Shown are heart rate, left ventricular (LV) 'dP/dtmax during isovolumic relaxation (IVR), and LV pressure (LVP) and left atrial pressure (LAP) at the onset
of IVR (IVR1) and end of IVR (IVR2) for three sequential beats analyzed from each heart. LVP at IVR1, LVP at IVR2, LAP at IVR1, and LAP at IVR2 were
used as boundary conditions in the finite-element model.

Table 2. Material properties of the anterior leaflet belly

Experiment Ecirc, N/mm2 Erad, N/mm2 Gcirc-rad, N/mm2 Mean of Residuals, mm

1 18, 16, 13 7, 9, 9 101, 118, 149 0.47
2 31, 22, 37 9, 4, 8 180, 190, 175 0.23
3 82, 97, 65 13, 9, 11 161, 117, 132 0.43
4 79, 65, 74 14, 8, 11 79, 97, 101 0.36
5 22, 19, 32 8, 14, 7 110, 179, 142 0.27
6 43, 56, 52 18, 12, 17 128, 137, 112 0.69
7 36, 43, 56 8, 9, 14 97, 108, 86 0.28
8 19, 16, 23 7, 7, 9 88, 97, 89 0.55
9 16, 22, 18 6, 9, 11 102, 107, 124 0.39

10 44, 39, 37 11, 11, 14 110, 121, 115 0.31
11 62, 71, 55 12, 18, 11 118, 132, 116 0.71
12 49, 42, 38 16, 14, 18 111, 117, 104 0.65
13 33, 29, 39 19, 11, 13 143, 136, 144 0.22
14 57, 51, 51 9, 7, 9 98, 94, 101 0.19
15 24, 28, 29 9, 12, 10 143, 127, 129 0.28
16 67, 59, 57 14, 14, 18 111, 129, 113 0.22
17 46, 49, 41 9, 8, 13 121, 137, 134 0.43

Group mean " SD (n # 17) 43"18* 11"3 121"22 0.39"0.17

Shown are the elastic modulus in the circumferential direction (Ecirc), elastic modulus in the radial direction (Erad), and leaflet shear modulus (Gcirc-rad) for three
heart beats (values for each heart beat separated by commas) in each animal from the inverse finite-element analysis. The mean of the nine leaflet belly marker
residuals is also shown for each experiment. *P % 0.01, Ecirc vs. Erad.
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Complex Anterior Leaflet Constituents

For a recent review of complex anterior leaflet constituents,
see Ref. 50. In addition to complex collagen networks (8, 11,
18, 19, 24, 37) and lymphatic and blood vessels (12, 19),
anterior MV leaflets contain a number of constituents capable
of actively modifying leaflet stiffness, such as various types of
muscle fibers (5, 12, 16–19, 26, 45, 54, 55, 61, 62) and
interstitial cells (9, 20, 23, 37, 53). Ablation of annular and
leaflet musculature on the atrial side of the valve alters the
shape of the anterior leaflet during and after closure (55).

Electrical Activity

Leaflets are electrically active (18, 45, 60–62), with elec-
trical coupling to the LA (13, 62). Electrical stimulation occurs
during each heart beat, which could trigger alterations in leaflet
material properties.

Neuromuscular Control

Leaflets contain a profusion of both afferent and efferent
motor and sensory nerves (1, 2, 12, 15, 16, 19, 26, 28, 31, 40,
44, 52, 56–58) and are possibly under neuromuscular control
(54). They are capable of responding to sympathetic and
parasympathetic stimulation and changing their stiffness dur-
ing the cardiac cycle, provided that leaflet muscle is undam-
aged (13). It has been hypothesized that the vagus nerve
endings in the valve affect myocyte contraction in the valve
and change the structural tone of the valve in response to
stress (31).

Differentiating between these possibilities is an ongoing
subject of research in these laboratories.

In addition to helping improve our understanding of MV
physiology in vivo, further refinement of this finite-element
approach, with material parameters derived from experimental
data, could potentially improve the design of bioprostheses as
well as aid in the development of durable tissue-engineered
bioprosthetic valves. Sufficiently refined, such a model might
also be employed to assist the planning of patient-specific
operations with targeted objectives in the computer before
these procedures are carried out in the operating room.

Limitations

This inverse finite-element methodology appears to be a
robust initial approach to quantify the elastic and rigidity
moduli of the anterior MV leaflet belly in the beating heart.
The present study, however, represents only a first attempt to
derive these values in vivo and has a number of current

Table 3. Sensitivity test of thicker valves

Experiment
Ecirc,

N/mm2
Erad,

N/mm2
Gcirc-rad,
N/mm2

Mean of
Residuals, mm

1 7"0 3"1 8"1 0.38
2 9"2 5"2 7"3 0.41
3 7"1 3"1 11"1 0.33
4 11"2 7"2 11"4 0.63
5 10"1 5"0 7"0 0.45
6 8"1 4"1 13"1 0.29
7 7"3 3"1 11"4 0.40
8 10"1 6"2 15"3 0.71
9 14"3 6"1 12"2 0.43

10 7"4 4"2 11"3 0.38
11 11"1 4"3 15"3 0.33
12 13"2 5"2 12"2 0.29
13 8"1 5"3 11"3 0.21
14 10"2 4"2 13"3 0.39
15 10"1 5"1 14"3 0.47
16 6"3 2"1 9"2 0.60
17 9"1 7"2 11"2 0.55

Group mean " SD 9"2 5"1 11"2 0.42"0.13

Values are means " SD of material properties determined using anterior
mitral valve leaflet thickness values approximating those reported for normal
human leaflets (22). The inverse finite-element analysis was performed on all
animals for three heart beats each by increasing the leaflet thickness to 2 mm
at the annulus, varying linearly to 1.6 mm at the region 75% toward the leaflet
free edge. Thickness was increased to 1.2 mm at the leaflet free edge. The
mean of nine leaflet belly marker residuals is also shown for each experiment.

Table 4. Sensitivity test of increased chordal stiffness

Experiment
Ecirc,

N/mm2
Erad,

N/mm2
Gcirc-rad,
N/mm2

Mean of
Residuals, mm

1 16"2 8"1 111"10 0.37
2 29"6 7"2 173"9 0.48
3 80"13 10"2 132"20 0.63
4 72"6 10"2 91"10 0.33
5 22"5 8"3 140"24 0.19
6 44"4 14"3 121"10 0.27
7 42"6 9"2 92"5 0.23
8 18"3 8"1 88"5 0.65
9 19"2 7"3 106"8 0.27

10 36"4 11"2 108"4 0.39
11 60"7 11"4 118"5 0.31
12 41"3 15"2 106"7 0.27
13 32"4 13"2 137"11 0.21
14 52"3 7"1 96"4 0.46
15 24"4 8"2 129"6 0.66
16 58"3 14"2 114"13 0.39
17 42"5 8"3 128"9 0.34

Group mean " SD 40"18 10"3 117"21 0.38"0.15

Values are means " SD of material properties for each heart with chordal
elastic moduli twice (40 N/mm2) those obtained from a previous study of
excised chordae tendinae (33). The mean of the nine leaflet belly marker
residuals is also shown for each experiment.

Table 5. Sensitivity test of decreased chordal stiffness

Experiment
Ecirc,

N/mm2
Erad,

N/mm2
Gcirc-rad,
N/mm2

Mean of
Residuals, mm

1 19"2 11"2 147"12 0.51
2 34"6 9"2 185"4 0.46
3 84"13 14"2 153"18 0.39
4 76"5 14"2 99"10 0.35
5 25"7 11"3 158"31 0.29
6 53"6 17"3 130"10 0.21
7 47"7 12"2 105"8 0.20
8 22"2 9"1 94"4 0.36
9 21"3 11"1 114"10 0.28

10 45"5 13"2 119"7 0.44
11 64"4 17"4 129"13 0.39
12 45"6 17"3 112"6 0.33
13 34"4 16"3 145"7 0.50
14 55"4 9"2 103"5 0.41
15 30"3 12"2 139"6 0.49
16 62"3 16"3 120"8 0.52
17 49"5 11"1 135"10 0.44

Group mean " SD 45"19 13"3 129"23 0.38"0.10

Values are means " SD of material properties for each heart with chordal
elastic moduli half (10 N/mm2) those obtained from a previous study of
excised chordae tendinae (33). The mean of the nine leaflet belly marker
residuals is also shown for each experiment.
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limitations that must be addressed in more sophisticated future
studies.

Leaflet thickness. In the present study, leaflet thickness value
distributions applied in the finite-element model were obtained
from a detailed examination of a representative ovine anterior
leaflet. Since leaflet deformation is predominantly determined
by bending and the bending stiffness is proportional to the
thickness cubed, it is not surprising that the parameter identi-
fication is very sensitive to thickness changes. Ultimately,
regional thickness values for each heart need to be applied to
the model, and this work is underway. A previous ex vivo
study (22) of thicker human leaflets found lower elastic moduli
than those obtained from the present study. However, even
when these greater thickness values were applied to the ovine
model, in vivo ovine elastic moduli were still greater than those
reported from ex vivo studies (Table 3).

Homogeneous leaflet material properties. Leaflets are
known to be heterogeneous, with different regions of the leaflet
having different material properties (8). Scanning acoustic
microscopy has indicated that human anterior leaflets are stiffer
in the fibrous middle layer than atrial and ventricular layers and
the entire leaflet is stiffer at the annulus than at the free edge
(27). Leaflet homogeneity was a simplification for this initial
effort to quantify the in vivo material properties of the belly of
the anterior MV leaflet. Figure 7B shows heterogenous resid-
uals suggesting material property heterogeneity, but most re-
siduals were between 0.2 and 0.7 mm; thus, the leaflet belly
may not exhibit significant regional heterogeneity. Neverthe-
less, heterogeneity is an important issue that will be addressed
in future studies.

Assumption of three-parameter linear elasticity. The initial
strain estimates from preliminary, direct calculations of regional
MV leaflet strain have indicated that the strains during IVR in the
ovine leaflet belly are %0.15. May-Newman and Yin (42) found
that the stress-strain curves of the porcine anterior leaflet ex vivo
are quite linear for strains %15%. Thus, a linear stress-strain
assumption may be provisionally valid during IVR, and a single
linear elastic modulus is reported here. The present study, how-
ever, was not designed to assess the shape of the stress-strain
relation in the ovine leaflet in vivo, and this is the subject of future
work. Studies of the material properties of excised leaflets (22, 33,
42) have clearly demonstrated a pretransitional/posttransitional
breakpoint in the stress-strain curve, and this is usually attributed
to the behavior of coiled/uncoiled collagen fibers. However,
Sonnenblick et al. (54) found a simple exponential stress-strain
relationship, with no apparent breakpoint, in fresh canine anterior
leaflet tissue placed in a myograph containing oxygenated Krebs
solution at 30°C and capable of developing active tension in
response to electrical stimulation. This raises the possibility that
treating the leaflet tissue as an active contractile system (54)
converts ex vivo experiments from a study of collagen fibers to a
study of collagen fibers plus active contractile tissue having an
entirely different stress-strain relationship. Furthermore, even the
tissue studied by Sonnenblick et al. (54) lacked blood perfusion
and the neural inputs present in vivo. Thus, it is quite possible that
leaflets do not behave as simple collagen networks in the beating
heart but rather as active contractile tissue with stress-strain
behavior unlike that observed in any ex vivo test.

Limited number of leaflet markers. More markers would
always be advantageous to better define leaflet geometry, but 16
radiopaque leaflet markers (markers 1–16, Fig. 1B) are the most

that can currently be placed, taking into consideration the size of
the leaflet, cardiopulmonary bypass time, and X-ray reconstruc-
tion issues. The mass of each leaflet marker is !3.2 mg. If the
markers were very massive, then the measured deformations
could include momentum effects in addition to pressure-induced
displacements, although this would be expected to be very small
as leaflet velocities during IVR are almost negligible. In a previ-
ous study (36), we demonstrated that an anterior leaflet marker
mass 3.5 times greater than the marker mass in the present study
had no effect on the peak opening velocity of the anterior leaflet
relative to leaflets with no markers implanted (0.47 " 0.05 vs.
0.45 " 0.06 m/s). Thus, even with grossly overloaded leaflets and
the high opening velocities associated with valve opening, we
were unable to detect an effect of marker mass on leaflet mechan-
ics, much less during the extremely low velocities of the closed
valve during IVR, as is the case in the present study.

Incorrectly placed strut chordae. The strut chordae in the
finite-element model were placed according to anatomic locations
using photographs of excised anterior leaflets from each heart
studied. Strut chordal insertion into the leaflet belly, however, is
more complex than simple points of attachment, and this must be
the direction of future work to improve the anatomic reconstruc-
tion of the model.
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