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Abstract

Mitral valve prolapse (MVP) refers to an excessive billowing of the mitral valve (MV) leaflets
across the mitral annular plane into the left atrium during the systolic portion of the cardiac cycle.
The underlying mechanisms for the development of MVP and mitral regurgitation (MR) in
association with MV tissue remodeling is still unclear. We performed computational MV
simulations to investigate the pathophysiologic developmental mechanisms of MVP. A parametric
MV geometry model was utilized for this study. Posterior leaflet enlargement and posterior
chordal elongation models were created by adjusting the geometry of the posterior leaflet and
chordae, respectively. Dynamic finite element simulations of MV function were performed over
the complete cardiac cycle. Computational simulations demonstrated that enlarging posterior
leaflet area increased large stress concentration in the posterior leaflets and chordae, and posterior
chordal elongation decreased leaflet coaptation. When MVP was accompanied by both posterior
leaflet enlargement and chordal elongation simultaneously, the posterior leaflet was exposed to
extremely large prolapse with a substantial lack of leaflet coaptation. These data indicate that
MVP development is closely related to tissue alterations of the leaflets and chordae. This
biomechanical evaluation strategy can help us better understand the pathophysiologic
developmental mechanisms of MVP.
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1. Introduction

Mitral valve prolapse (MVP) refers to an excessive billowing of the mitral valve (MV)
leaflets across the mitral annular plane into the left atrium during the systolic portion of the
cardiac cycle [40]. Recent studies report that the prevalence of MVP is close to 2-3% of the
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total population [39]. Worsening of MVP is closely related to the occurrence of severe mitral
regurgitation (MR), which can lead to arrhythmias and congestive heart failure [11]. The
most common pathology of MVP involves with the posterior middle scallop (P2), which
then extends to the P1 and P3 scallops [16].

Physical examination and echocardiography are the standard methods for diagnosis of MVP.
When physicians hear a dynamic mid-to-late systolic click often associated with a high-
pitched late systolic murmur using a stethoscope, it is a common procedure to call for
additional echocardiographic examination for the patient [3, 16]. Echocardiography provides
quantitative information pertaining to abnormal leaflet displacement beyond the annular
plane, which is a crucial factor to diagnose MVP. Although morphologic alteration of MV
geometry and transvalvular flow characteristics across the MV can be evaluated in real time
using echocardiography, it is difficult to study the pathophysiologic developmental
mechanisms of MVP using echocardiographic image data alone. Computational evaluation
approaches can provide valuable additive information to better understand the biomechanical
and pathophysiologic developmental mechanisms of MVP [9, 22, 36, 38, 42, 44].

There are a variety of biological, biochemical, and biomechanical factors involved in the
development of MVP. Morphologic alteration of the MV apparatus leads to enhancement of
localized stress concentration and tissue degeneration [2]. Myxomatous tissue degeneration
with proliferation of the spongiosa layer of the mitral leaflets is a principal factor in MVP
[15, 32]. As MVP develops, biomechanical conditions of the prolapsed leaflet area are
changed, adverse tissue alteration occurs, and this tissue remodeling yields worsening of
prolapse [14]. Myxomatous MYV tissue generally exhibits lower stiffness values with lower
failure stresses compared to normal MV tissue [4, 5]. Increased chordal length and altered
chordal stiffness are closely related to the extent and severity of leaflet enlargement and
initiation of MVP [17, 18]. When MVP further progresses to severe MVP, not only local
leaflet coaptation deteriorates leading to considerable MR [20], but chordal rupture is often
found with severe MVP [1].

In this study, we performed virtual MV simulations to investigate the pathophysiologic
developmental mechanisms of MVP. Effects of leaflet enlargement and chordal elongation
on MV dynamics were evaluated. The hypothesis was that the enlarging leaflet area affects
the severity of MVP leading to increase chordal stresses, and that the elongated chordae
tendineae deteriorates into worsening of the MR.

2. Methods
2.1. Virtual MV modeling

A parametric normal MV geometry model at end diastole (Fig. 1A) was designed for this
MVP mechanistic study using similar techniques as described in previous studies [38, 42,
43]. Based on anatomical literatures [23, 41], the representative structural dimensions of the
saddle-shaped annulus, the anterior leaflet, the tri-scalloped posterior leaflet, the marginal
and strut chordae tendineae, and the papillary muscles were implemented into this
computational MV model. The whole MV model was designed to be symmetric with respect
to the plane perpendicular to the orifice and aligned to the A-P line of the annulus. The
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saddle-shaped annulus was created utilizing the key landmark information (A, P, Al and Pm)
and a cubic spline interpolation method (MATLAB, The Mathworks Inc, Natick, MA,
USA). The free edge of the leaflets was generated using a linear combination of sinusoidal
functions, and multiple lines connecting the annulus and the free edge of the leaflets were
modeled [43]. The non-uniform rational B-spline (NURBS) surface modeling method was
utilized to create a three-dimensional surface model of the mitral leaflets and annulus. This
model was imported into ABAQUS software (SIMULIA, Providence, RI, USA) and meshed
using triangular shell elements (S3R element type). The papillary muscle tips were located
28 mm from the plane of annulus with a distance of 18 mm between the two papillary
muscle tips [41]. A total of 24 marginal chordae tendineae were modeled as 3D line
elements (T3D2 element type) connecting the free edge of the leaflets and the papillary
muscles. The two strut chordae tendineae were modeled by connecting the top portion of the
rough zone of the anterior leaflet [23] and the papillary muscles. The chordal insertion was
distributed around the papillary muscles.

2.2. Pathologic MV models with leaflet enlargement and chordal elongation

Fig. 1B depicts the computational models of pathologic MVs with mild and severe P2 leaflet
enlargement. Three-dimensional transesophageal echocardiography provides detailed
morphologic information pertaining to leaflet billowing and chordal lengths for diagnosing
posterior MVP [16, 40]. Clinical guidelines indicate that posterior leaflet billowing greater
than 2 mm during systole should be considered severe MVP. The pathologic MV models
were created to attain this level of leaflet billowing at peak systole.

P2 leaflet enlargement was modeled such that the maximal protruding distance in the mid-
P2 region was equivalent to a quarter or a half of the P2 annulus-to-leaflet free edge distance
(d) for the mild and severe P2 leaflet enlargement models, respectively. The posterior
chordal elongation models were created by modeling longer posterior marginal chordae than
the normal MV. The P2 chordae were elongated by 25% and 50% to model the mild and
severe posterior chordal elongation models, respectively. Other posterior chordae were
proportionally elongated towards the commissural (Al and Pm) free edge of the leaflets.

2.3. Finite element simulation of MV function

A Fung-type elastic constitutive model was implemented to incorporate the anisotropic
hyperelastic material characteristics of the MV leaflets [38]. The Cauchy stress (o) and the
Green-Lagrange strain (£) can be described as

where Jis the determinant of the deformation gradient (F). The strain energy function Wis
defined using four parameters (¢, Az, Asand Ay as

C
W:ﬂeQ—q, Q=A1E}+AsE% 42431 By ()

The stress-strain relationship of a nearly incompressible hyperelastic material (/= det F = 1)
is given by
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0,=(2E22+1) cexp (Q) (AzE11+AsEy») ()

The principal material directions were defined along the circumferential (o) and radial (o,)
directions. Experimentally-determined material parameters obtained from the biaxial
mechanical test data of the anterior and posterior leaflet tissue from a previous study [29]
were incorporated into the Fung-type elastic model. The Fung-type elastic material model
was then implemented into ABAQUS/Explicit (SIMULIA, Providence, RI). Leaflet
thicknesses of the anterior and posterior leaflets were set to be 0.69 mm and 0.51 mm,
respectively [28].

The Ogden model was employed to define the nonlinear hyperelastic material behavior of
the chordae tendineae. Cross-sectional areas were set 0.29 mm? for the anterior marginal
chordae, 0.27 mm? for the posterior marginal chordae, and 0.61 mm? for the two strut
chordae [34].

The density and Poisson’s ratio of the leaflets and chordae tendineae were set 1,100 kg/m3
and 0.48, respectively [38, 43]. A time-varying physiologic transvalvular pressure gradient
was applied on the ventricular and atrial sides of the leaflet surface in the normal direction
across the complete cardiac cycle. The maximum systolic transvalvular pressure value was
16.8 kPa (126 mmHg) [31]. Both leaflet-to-leaflet and leaflet-to-chordae contact interactions
were considered for leaflet coaptation, and the friction coefficient was assumed to be 0.05
[42]. Further details of dynamic finite element simulation of MV function are described in
our previous studies.

2.4. Study design and data analysis

Leaflet stress distributions and maximum chordal stress values at peak systole were
compared between the normal MV and the MVs with mild P2 leaflet enlargement or severe
P2 leaflet enlargement [17, 18]. Effects of chordal elongation on leaflet stress distribution
and leaflet coaptation at peak systole were compared between the MV models having
normal pathophysiology, mild posterior chordal elongation, and severe posterior chordal
elongation. Combined effects of severe P2 leaflet enlargement and posterior chordal
elongation were investigated in terms of geometric and functional characteristics of MV
dynamics at peak systole. Leaflet morphology, coaptation length, and posterior billowing
height in the anteroposterior cross-sectional planes were compared between the MV models
having normal pathophysiology, severe P2 leaflet enlargement, severe posterior chordal
elongation, and a combination of these two abnormalities. Coaptation length was measured
in the coapted leaflet region in the anteroposterior planes. Posterior billowing height was
determined by measuring the height from the A-P line connecting the anterior and posterior
mitral annular positions to the maximum protruding point of the posterior leaflet into the left
atrium.
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3. Results

3.1. Dynamic FE simulation of MV function

Fig. 2 demonstrates the morphologic characteristics of the normal MV at five representative
time points over the cardiac cycle. Dynamic FE simulation provided detailed structural
information of each component of the MV apparatus. The same dynamic FE methods were
utilized for all simulations in this study. This indicates that the parametric MV models have
been successfully implemented into our dynamic FE protocol to simulate MV function
across the cardiac cycle.

3.2. Effects of P2 leaflet enlargement

Posterior leaflet enlargement clearly affected stress distributions across the mitral leaflets
and annulus at peak systole (Fig. 3). The maximal stress values increased in proportion to
the severity of P2 leaflet enlargement (normal MV = 0.60 MPa, mild P2 leaflet enlargement
= 0.64 MPa, and severe P2 leaflet enlargement = 0.99 MPa). Excessive stress concentration
along the radial direction was found in the posterior leaflet when posterior leaflet
enlargement occurred. In all three MVs, a similar pattern of stress distribution was observed
in the anterior leaflet displaying large stresses near the mitral annulus-aorta junction region
regardless of the presence of posterior leaflet enlargement.

The maximal chordal stress values were found in the P2 region where leaflet enlargement
occurred (Fig. 4). Mild and severe P2 leaflet enlargement increased the maximal P2 chordal
stress by 12% and 31% compared to the normal MV, respectively. The average maximal
chordal stress values in the P1 (593 kPa vs. 605 kPa vs. 598 kPa) and P3 (585 kPa vs. 595
kPa vs. 600 kPa) regions were comparable between the normal MV and the MVs with mild
and severe P2 leaflet enlargement.

3.3. Effects of posterior chordal elongation

Leaflet coaptation at peak systole in the normal MV and the MVs with posterior chordal
elongation is demonstrated in Fig. 5. Full leaflet coaptation was clearly observed in the
normal MV. With mild or severe posterior chordal elongation, substantial posterior leaflet
prolapse occurred. A distinct lack of leaflet coaptation was found in the P2 scallop.

Fig. 6 demonstrates stress distributions across the mitral leaflets and annulus at peak systole
in the normal MV and the MVs with posterior chordal elongation. There was little difference
in magnitudes of the maximal stress values between the three MV models. In the presence of
severe posterior chordal elongation, stress concentration was found in the middle belly
region of the anterior leaflet presumably due to the lack of coaptation in this region
following posterior leaflet prolapse.

3.4. Combined effects of posterior leaflet enlargement and chordal elongation

Leaflet morphologies at peak systole with severe P2 leaflet enlargement, severe posterior
chordal elongation, and a combination of these two abnormalities were compared to normal
(Fig. 7). In order to better demonstrate the degree of leaflet coaptation and the severity of
leaflet billowing, the cross-sectional edges of the anterior and posterior leaflets along the
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A2-P2 and A3-P3 planes are displayed in blue and red, respectively. Both severe P2 leaflet
enlargement and severe posterior chordal elongation resulted in increased posterior leaflet
prolapse. In the A3-P3 plane, severe posterior chordal elongation resulted in larger leaflet
malcoaptation than severe P2 leaflet enlargement only. With severe P2 leaflet enlargement
and severe posterior chordal elongation together, an extremely large prolapse was observed
across the entire posterior leaflet, and leaflet coaptation was markedly deteriorated vs. with
each anomaly alone.

Coaptation lengths along the A2-P2 and A3-P3 planes in the MVs having normal
pathophysiology, severe P2 enlargement, severe posterior chordal elongation, and a
combination of these two abnormalities are demonstrated in Fig. 8A. There were clear
differences in physiologic abnormalities of MV function between these MV models in terms
of coaptation length. In the normal MV, the coaptation lengths in the A2-P2 and A3-P3
planes were 6.2 mm and 3.2 mm, respectively. The MV with severe P2 enlargement
demonstrated an increased coaptation length of 9.1 mm in the A2-P2 plane presumably due
to the enlarged posterior leaflet surface in the P2 region while retaining a similar to normal
coaptation length in the A3-P3 plane. In contrast, the MV with severe posterior chordal
elongation revealed markedly reduced coaptation lengths in both the A2-P2 (1.3 mm) and
A3-P3 (no coaptation) planes. The MV with a combination of severe P2 enlargement and
severe posterior chordal elongation exhibited no leaflet coaptation in either the A2-P2 or the
A3-P3 plane.

The MV models with any type of pathologic abnormality demonstrated increased posterior
billowing heights compared to the normal MV (Fig. 8B). The posterior billowing height of
the normal MV were 0.59 mm and 0.29 mm in the A2-P2 and A3-P3 planes, respectively.
Severe P2 leaflet enlargement resulted in an increased posterior billowing height (3.0 mm),
and the MV with severe posterior chordal elongation showed a larger billowing height (4.0
mm) in the A2-P2 plane. The MV with a combination of severe P2 enlargement and severe
posterior chordal elongation revealed a 13 times larger billowing height (7.8 mm) in the A2-
P2 plane compared to normal. A similar pattern of billowing height increase was found in
the A3-P3 planes.

Discussion

MVP due to myxomatous leaflet degeneration is the most common etiology of MR requiring
MV repair when the MR becomes severe [14]. Myxomatous degeneration induces tissue
alteration of the MV apparatus, often leading to physiologic and functional deterioration of
the leaflets and chordae. Although these alterations of tissue characteristics of the leaflets
and chordae tendineae have been actively studied [4, 5, 12, 30], the underlying
biomechanical mechanisms for the development of MVP and MR in association with
valvular morphologic alteration are still unclear. In this study, we investigated the effects of
enlarged leaflet tissue and elongated chordae on leaflet stress, chordal stress, and leaflet
coaptation from a biomechanical perspective.

Clinical criteria for diagnosis of MVP involve several morphologic characteristics of the MV
apparatus [3, 10, 14, 33]. These include the extents of leaflet area enlargement, leaflet
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billowing toward the left atrium, interchordal leaflet arching, and annular dilation.
Computational MV simulations can provide valuable information pertaining to the effect of
each morphologic alteration in MVP development. We found large stresses over the
posterior leaflet when P2 leaflet enlargement occurred (Fig. 3). Enlarged leaflet led to
increased surface area when exposed to transvalvular pressures. This resulted in increased
stresses in the chordae connected to the leaflet margins (Fig. 4). Increased chordal stress can
induce elongation of the chordae tendineae in the long term [17, 18]. Computational
simulations revealed a decrease of leaflet coaptation when the posterior chordae were
elongated (Fig. 5). When the MV was accompanied by both leaflet enlargement and chordal
elongation simultaneously, the leaflets were exposed to extremely large prolapse with a
substantial lack of leaflet coaptation (Figs. 7 and 8). These data indicate that MVP
development is closely related to morphologic alterations of the mitral leaflets and chordae,
and computational evaluation of biomechanical characteristics of MV function can provide
quantitative information in terms of the pathophysiologic developmental mechanisms of
MVP.

We utilized previously published material properties of the MV apparatus components in the
computational simulations due to the limited availability of the material properties of human
MV tissue [38]. Both mechanical properties and physical dimensions (e.g., tissue thickness)
of myxomatous MV leaflets and chordae tendineae are different from healthy MV tissue [4,
5, 13, 35]. Implementation of actual tissue properties of myxomatous MVs would affect the
results of the FE simulations. The primary focus of this study is to evaluate the effect of
valvular morphologic alteration (i.e., leaflet enlargement and/or choral elongation) on
biomechanical and physiologic characteristics of MV function. Therefore, we implemented
the same tissue properties into both normal and pathologic MV models, and compared the
biomechanical and physiologic characteristics of MV function when leaflet enlargement,
chordal elongation, or a combination of these two abnormalities occurs. Our computational
MV evaluation protocol can be easily implemented with any types of tissue material model.
More realistic material characteristics of (both normal and pathologic) human MV tissue
will be incorporated as soon as experimental data or validated material properties [21] are
available.

There are some limitations and simplifications that need to be clearly specified in this study.
We employed a simplified parametric MV model. The entire MV structure was assumed
symmetric to determine the subsequent biomechanical and physiologic effects following
each valvular morphologic anomaly. This indicates that any asymmetry of the native MV
geometric characteristics is neglected [7]. Although others and our group have demonstrated
rigorous validation studies in parametric MV modeling [42, 43] and FE simulations of MV
function [37, 38], sensitivity analysis [26] has not been performed in this study. With these
parametric MV models, computational simulations of MV function following posterior
leaflet enlargement and/or chordal elongation clearly demonstrated the effects of the
valvular morphologic alterations. The FE-predicted leaflet deformation in the parametric
normal MV in this study may not represent a purely typical “normal” MV. We found
sufficient clinical and anatomical literatures to define the marginal and strut chordae, but due
to limited availability of information clearly describing the structure and distribution over
the MV leaflets [6, 24], the basal chordae were not included in the MV models in this study.
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This would result in over-protruding of the leaflets towards the left atrium at peak systole.
Lastly, the hemodynamic effect of blood flow was not considered in this study. We have
recently published clinical case studies to accurately simulate MV dynamics of various
pathologic conditions using our dynamic finite element protocol [37, 38]. It is anticipated
that incorporation of realistic fluid-induced loading conditions on the valve cusps (e.g.,
physiologic 3D fluid-structure interaction simulation) will provide more accurate
information pertaining to valvular dynamics [8, 19, 25, 27].

What is the utility of better understanding of the pathophysiologic developmental
mechanisms of MVP from a biomechanical perspective? Presently our surgical techniques
for MV repair rely on the surgeon’s ability to accurately quantify the amount of prolapse
that requires leaflet resection. Chordal repair generally do not occur when leaflet resection is
being performed. If a more quantitative pathophysiologic measure of leaflet and chordal
deformity can be obtained, then patient-specific MV repairs can be performed with better
and more durable outcomes. This will occur when pathophysiologic effects of MVP can be
quantitated.

Conclusions

We have successfully investigated the effects of leaflet enlargement and chordal elongation
on MVP development using computational evaluation techniques. Enlarging leaflet area
increased large stress concentration in the leaflets and chordae, and chordal elongation
decreased leaflet coaptation. This biomechanical evaluation strategy can help us better
understand the pathophysiologic developmental mechanisms of MVP.
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Figurel.
(A) Parametric normal MV geometry model at end diastole (A — anterior, P — posterior, Al —

anterolateral, Pm — posteromedial). (B) Pathologic MVs with mild and severe P2 leaflet
enlargement.
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Figure2.
Morphologic characteristics of the normal MV at five representative time points over the

cardiac cycle computed from the dynamic FE simulation of MV function
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Figure 3.
Stress distributions across the mitral leaflets and annulus at peak systole following P2 leaflet

enlargement.
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Figure5.
Leaflet coaptation at peak systole in the normal MV and the MVs with posterior chordal

elongation.
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Figure®6.
Stress distributions across the mitral leaflets and annulus at peak systole following posterior

chordal elongation.
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Figure7.
Leaflet morphologies at peak systole in the normal MV and the pathologic MVs with severe

P2 leaflet enlargement, severe posterior chordal elongation, and a combination of these two
abnormalities.
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Coaptation lengths and posterior billowing heights at peak systole in the MV models having
normal pathophysiology, severe P2 leaflet enlargement, severe posterior chordal elongation,
and a combination of these two abnormalities.
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