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Abstract

Most surgical procedures for patients with mitral regurgitation (MR) focus on optimization of
annular dimension and shape utilizing ring annuloplasty to restore normal annular geometry,
increase leaflet coaptation, and reduce regurgitation. Computational studies may provide insight
on the effect of annular motion on mitral valve (MV) function through the incorporation of
patient-specific MV apparatus geometry from clinical imaging modalities such as
echocardiography. In the present study, we have developed a novel algorithm for modeling
patient-specific annular motion across the cardiac cycle to further improve our virtual MV
modeling and simulation strategy. The MV apparatus including the leaflets, annulus, and location
of papillary muscle tips was identified using patient 3D echocardiography data at end diastole and
peak systole and converted to virtual MV model. Dynamic annular motion was modeled by
incorporating the ECG-gated time-varying scaled annular displacement across the cardiac cycle.
We performed dynamic finite element (FE) simulation of two sets of patient data with respect to
the presence of MR. Annular morphology, stress distribution across the leaflets and annulus, and
contact stress distribution were determined to assess the effect of annular motion on MV function
and leaflet coaptation. The effect of dynamic annular motion clearly demonstrated reduced regions
with large stress values and provided an improved accuracy in determining the location of
improper leaflet coaptation. This strategy has the potential to better quantitate the extent of
pathologic MV and better evaluate functional restoration following MV repair.
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1. Introduction

Functional characteristics of the mitral valve (MV) are influenced by the interaction between
the MV apparatus components which consist of two asymmetric leaflets, a saddle-shaped
annulus, chordae tendineae, and papillary muscles (PMs) (Stevanella et al., 2009). Proper
shape, size, and dynamic motion of the annulus are closely associated with normal MV
function (Rausch et al., 2011a). Most surgical procedures for patients with mitral
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regurgitation (MR) focus on optimization of annular dimension and shape utilizing ring
annuloplasty to restore normal annular geometry, increase leaflet coaptation, and reduce
regurgitation (Gorman et al., 2004; Rausch et al., 2011b).

A number of computational studies have investigated the effects of shape, size, and motion
of the mitral annulus on MV function (Gorman et al., 2004; Lansac et al., 2002; Maisano et
al., 2005; Rausch et al., 2011a; Votta et al., 2007). Finite element (FE) analysis has been
primarily utilized to demonstrate quantitative structural alterations of the annulus. The
saddle-shaped curvature of the mitral annulus provides biomechanical advantages to the MV
leaflets (Salgo et al., 2002). A recent study using FE evaluation of MV models with and
without moving annulus demonstrated the effect of annular motion on structural
characteristics of the MV leaflets (Stevanella et al., 2009). Although these computational
studies provide useful information to help us to understand important roles of the annulus in
MYV dynamics, it is hard to translate these data to the clinical setting without the
incorporation of realistic annular motion in complex patient MV dynamics. In order to
accurately evaluate the effect of annular motion on MV function, it is crucial to use patient-
specific MV apparatus geometry from clinical imaging modalities.

Three-dimensional (3D) transesophageal echocardiography (TEE) is an excellent technique
to accurately obtain detailed morphologic information of the MV leaflets and annulus
compared to standard 2D echocardiography (currently the most popular imaging modality of
clinical MV evaluation) (Hung et al., 2007; Maffessanti et al., 2011; Sonne et al., 2009;
Sugeng et al., 2008; Swaans et al., 2009). It is well known that 3D TEE with high-resolution
acquisition allows evaluation of mitral annular shape dynamics during the cardiac cycle
(Carlhall et al., 2004). It would be expected that computational MV simulations incorporated
with accurate kinematic description of annular motion from 3D TEE data can better provide
biomechanical and functional MV information that may result in improved clinical
diagnoses.

In this study, we have developed a novel algorithm for modeling patient-specific annular
motion across the cardiac cycle to further improve our virtual MV modeling and simulation
strategy. Here we have performed dynamic FE simulation of MV function using patient-
specific geometry of MV leaflets, annulus, and annular motion. This study was designed to
evaluate the effect of dynamic motion of the annulus on MV function over a range of
clinical pathologies.

2. Materials and methods

2.1. MV modeling associated with dynamic annular motion using patient 3D TEE data

The Committee for the Protection of Human Subjects at The University of Texas Health
Science Center at Houston approved this translational study which utilizes patient 3D TEE
data from a clinical ultrasound unit (iE33, Philips Medical Systems, Bothell, WA). Informed
consent forms were collected from the patients. Patient confidentiality was honored and
patient information completely de-identified.

For the present study, 3D TEE was performed in two patients with and without MR. The
study protocol to convert MV geometric data from patient 3D TEE data to a computational
model followed by dynamic FE simulation with or without annular motion is shown in Fig.
1. This modeling protocol was composed of multiple sub-algorithms including 3D TEE
image data acquisition, MV leaflets and apparatus segmentation, image registration, 3D
reconstruction, mesh creation, chordae tendineae creation, incorporation of 3D dynamic
motion of the annulus and PMs, and dynamic FE simulation of the MV function. The ECG-
gated patient 3D TEE data containing the full volumetric geometry of the anterior and
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posterior leaflets and annulus was transferred into a PC. MV apparatus including the leaflets
and annulus was identified using patient 3D TEE data at end diastole (open). In addition to
segmentation and tracing of the MV leaflets and annulus at end diastole, the annular
geometry at peak systole (closed) was segmented and traced manually using a custom-
designed semi-automated image processing algorithm developed with MATLAB (The
Mathworks Inc., Natick, MA). The traced 3D geometric data was transformed into the
Cartesian coordinate. Using the nonuniform rational B-spline (NURBS) surface modeling
technique, the 3D MV leaflets and annulus were created and meshed. The PM tips were
modeled continuously deforming while keeping a constant distance of 38 mm from the top
of the annulus with a distance of 18 mm between the two PM tips during dynamic annular
motion (Sonne et al., 2009). The chordae tendineae were modeled by adding line elements
between the PM tips and the edge nodes of the MV leaflets in ABAQUS (SIMULIA,
Providence, RI) software. Following incorporation of 3D dynamic motion of the annulus
and PM tips, the 3D virtual MV modeling was completed.

2.2. Alignment of the annular configurations for modeling of dynamic annular motion

The annular geometries at peak systole and end diastole were imaged from the 3D TEE
probe outside of the heart. It is necessary to introduce a transformation matrix to align the
two annular geometric data under a single configuration to compensate the motion of the left
ventricle. A schematic diagram is shown in Fig. 2A to describe the coordinate system
transformation between the two annular configurations. The annular geometry at the peak
systole configuration was transformed onto the end diastole configuration as follows.

The coordinate data (M) of the annular geometry at peak systole was transformed to A/ at
end diastole:

M=T, M (1)

Comp

T T, .T

comp— L DiaG L Gsys  (2)

where Teompis a4 x 4 composite transformation matrix calculated by matrix multiplication
of multiple transformations from peak systole to end diastole. The 4 x 4 transformation
matrix can contain both rotational and translational transformations in a single matrix.
Transformations (7sys, gand 7p;; ) were defined by the angular orientation of each
configuration using the reference points (denoted as points p4,, Pem Pa, Ppat peak systole
and pay; Pem, Pa* Pp-at end diastole) and the translations (0sysand op;) from the global
origin (o) (Ganapathy, 1984; Paul, 1981). The transformation matrices can be expressed as
follows:

TS“-G:[() 0 0 1

where
Os_\-.s:(pAz_me)/ 2, AS_\'A:[ ]/C; E] ’]’;1 ] 4)

VI=Py=Prw> V2=Pp—Pas V3=V2 X V1 (5)
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hy=vi/lvil, fi=vs/lvsl, Bi=hi X fi - (6)
TD,»M.G=[ 0o o0 o 1} U]
where
0w =(p,~P, )2 An=| £ B ] ®
Va=p, =P, 1> V5=P =P s> V6=V5 X V4 ()

ha=va/lval, fo=ve/Ivels B2=ha X fo (10)

2.3. Dynamic annular motion

Dynamic annular motion was defined by applying time-varying nonlinear nodal
displacement of the nodes along the annulus between the end of diastole and peak systole
(Fig. 2B). The nonlinear annular displacement (r) was calculated by

r=ry,, +wp (11)

where wis the time-varying scaled annular displacement and p is the direction vector from
the nodal position at end diastole to that at peak systole (r s, pjz). The time-varying scaled
annular displacement was calculated such that =0 at end diastole and w=1 at peak systole,
and the weight change was determined using previously reported ECG-gated annular motion
data (Nguyen et al., 2008). The ECG-gated annular displacement data were resampled to
determine nonlinear dynamic annular motion and coordinated with pressure gradient change
across the MV over the cardiac cycle (dashed line, Fig. 3). Physiological transvalvular
pressure gradient was applied to the ventricular side of both anterior and posterior leaflets
allowing dynamic MV simulation (solid line, Fig. 3).

During MV function across the cardiac cycle, the PMs contract and stretch to retain the
distance to the annulus as constant as possible (Dagum et al., 2000; Joudinaud et al., 2007).
Therefore, PM contraction was modeled such that the location of PM tips dynamically
deformed maintaining a constant distance from the top of the annulus during MV function.

2.4. Comparative studies of MV modeling

A total of five primary geometric parameters of the annular dimension were determined and
compared between the 3D TEE data and the virtual MV models. Anterolateral-to-
posteromedial diameter (DAIPm), anterior-to-posterior diameter (DAP), and annular
perimeter (C3D) were determined by measuring distances between two points and along the
annulus. Annular area (A2D) was calculated on the projection plane created from the
annular curvature by the least square method. Annular height (A) was calculated by
measuring the distance between the highest and lowest annular points with respect to the
normal direction of the projection plane. A clinical MV quantitation software, QLAB-Mitral
Valve Quantification (Philips Medical Systems, Bothell, WA), was utilized and the
measured geometric information was compared with that from the virtual MV models.
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2.5. Material modeling and contact conditions for dynamic MV simulation

The leaflet tissue was modeled as an anisotropic hyperelastic material using a Fung-type
elastic constitutive model (Okamoto et al., 2003). In terms of Green-Lagrange strain (£), the
Cauchy stress (o) can be derived by

1_o0wW_,
O'—;Fa—EF (12)
where Jis the determinant of the deformation gradient (F). The Fung-type elastic

constitutive model was defined using the following strain energy function Wwith four
parameters (¢, Az, Azand Az (May-Newman and Yin, 1998).

C
W:E[eQ—l], O0=AE3 +A2EL+2A3E1 Exy  (13)

In a nearly incompressible hyperelastic material (J=det F=1), the stress—strain relationship is
given by

0c=Q2E11+)cexp(Q)A1E11+A3ER)  (14)

0r=(2En+1)cexp(Q)(A3E11+A2E»)  (15)

This stress—strain relationship was defined along the circumferential (o) and radial (o)
directions. Material parameters were determined by fitting biaxial mechanical test data of
the anterior and posterior leaflet tissue from a previous study (May-Newman and Yin,
1998). The Levenberg—Marquardt nonlinear least squares algorithm was utilized for the
curve fitting. The Fung-type elastic material model was implemented into ABAQUS/
Explicit (SIMULIA, Providence, RI). Leaflet thickness was set to be 0.69 mm and 0.51 mm
for the anterior and posterior leaflets, respectively (May-Newman and Yin, 1995).

The chordae tendineae were modeled as nonlinear hyperelastic materials using the 1st order
Ogden model for the posterior marginal chordae and the 2nd order Ogden models for the
anterior marginal and strut chordae (Prot et al., 2010). 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 strut chordae (Prot et al., 2010). Density and Poisson’s ratio of the whole
MV apparatus were set to be 1100 kg/m?3 and 0.48, respectively (Kim et al., 2007, 2008;
Votta et al., 2007). Coaptation between two leaflets and self-contact in each leaflet were
modeled using the general contact algorithm with the penalty method. The friction
coefficient was assumed to be 0.05 (Stevanella et al., 2009). Coaptation lengths from the 3D
TEE data and the corresponding dynamic MV simulation with and without consideration of
annular motion were determined and compared.

We evaluated two sets of patient data based on the presence of MR. Change of annular
morphology, stress distribution across the leaflets and annulus, and contact stress
distribution were determined to assess the effect of annular motion on MV function and
leaflet coaptation in patients with and without MR.
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3. Results

3.1. Virtual MV modeling

Fig. 4A demonstrates volumetric MV morphology at peak systole and end diastole from 3D
TEE image data. MV leaflets are clearly visible from the ventricular viewpoint. The
corresponding virtual MV apparatus is shown in Fig. 4B demonstrating the anterior and
posterior leaflets, annulus, marginal and strut chordae tendineae, and PM tips. No mesh
distortion was observed.

Annular geometric parameters of the virtual MV model at end diastole and peak systole
were compared with the original 3D TEE data (Table 1). The difference of annular
geometric parameters between the 3D TEE data and the virtual MV models was less than
9%. This indicates that the annular shapes from the patient 3D TEE data at two different
cardiac phases were successfully converted to virtual MV models using this custom-
designed image processing algorithm.

3.2. Dynamic annular motion

Fig. 5 demonstrates dynamic motion of the annulus throughout the cardiac cycle. The
annular shape change of the MV without regurgitation (Patient 1) demonstrated an increase
of annular height in the mid-anterior region leading to a relatively symmetric saddle-shaped
annular morphology at peak systole. DAIPm (commissure-to-commissure diameter) at end
diastole (39.7 mm) was reduced by 12% at peak systole (35.0 mm) while the change of DAP
was 7.2% (26.3 mm to 24.4 mm) (Table 1). The MV with regurgitation (Patient 2)
demonstrated a relatively flatter annular shape (posterior view) across the cardiac cycle
compared to Patient 1. The changes of annular shape in terms of both DAIPm (15%; 41.7
mm at end diastole to 35.4 mm at peak systole) and DAP (19%; 36.9 mm to 30.0 mm) were
larger than Patient 1 (Table 1). The FE-predicted morphologies of the MV apparatus at end
diastole (blue) and peak systole (red) are shown in Fig. 6. The MV without regurgitation
(Patient 1) demonstrated an oval annular shape from the atrial view at both positions while
an irregularly elongated annular shape was observed in the MV with regurgitation (Patient
2). An apparent saddle-shaped annulus was clearly observed at peak systole in Patient 1,
whereas the change of annular height was smaller in Patient 2.

3.3. Evaluation of MV dynamics with and without annular motion

With the addition of dynamic annular motion, there was a substantial effect on the
morphologic alteration and stress distribution across the MV leaflets. Stress distributions
across the MV leaflets at peak systole calculated from MV simulations with and without
dynamic annular motion are shown in Fig. 7. In order to provide a clear comparison of large
stress distribution between the MV simulations, a threshold of stress value (0.4 MPa) was
imposed such that larger stresses than the threshold value were displayed in red. MV
simulations without annular motion demonstrated a wider range of regions with large stress
values compared to MV simulations with annular motion.

When annular motion was not incorporated, the MV without regurgitation (Patient 1)
demonstrated large stress values in the vicinity of the anterior saddle-horn where the largest
bending occurred. The anterior leaflet displayed a reduced distribution of large stress values
around the saddle-horn when annular motion was considered in the simulation while the
posterior leaflet demonstrated a relatively considerable stress distribution. The maximum
von Mises stress values with and without dynamic annular motion in Patient 1 were 0.7 MPa
and 1.5 MPa respectively.
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Reduction of large stress distribution across the MV leaflets by implementing dynamic
annular motion was more noticeably demonstrated in simulations of the MV with
regurgitation (Patient 2). Unlike the Patient 1 simulations, there was no difference in the
maximum von Mises stress value (0.9 MPa) between the simulations with and without
considering dynamic annular motion. There was a clear difference in large stress distribution
between the simulations. Enhanced and extended distribution of large stress values from the
saddle-horn region to the belly region were observed in the anterior leaflet when annular
motion was not considered. However, the incorporation of dynamic annular motion resulted
in markedly reduced stress distribution across both anterior and posterior leaflets.
Interestingly, in the simulation without annular motion, the largest stress value appeared
near the mid-posterior region and the anterolateral commissure. This posterior region with
the largest stress value almost disappeared when annular motion was incorporated. In both
anterior and posterior leaflets of Patient 2, large stress values spread out along the radial
direction while Patient 1 showed a broader directional stress demonstration.

3.4. Contact stress distribution with and without annular motion

In order to evaluate the effect of dynamic annular motion on leaflet coaptation, contact
stresses were computed at peak systole (Fig. 8). A threshold value was introduced to better
demonstrate large contact stress values such that stress values larger than 10 kPa were
displayed in red (full contact) and zero stress in blue (no contact). Consideration of annular
motion resulted in increased leaflet coaptation in both patients. Patient 1 (without MR)
showed sufficient leaflet coaptation regardless of considering annular motion while the total
size of contact area was significantly increased when annular motion was incorporated.
However, Patient 2 (with MR) demonstrated three non-contact regions between the leaflets
in the simulation without annular motion. Two of these non-contact regions almost
disappeared with the incorporation of realistic annular motion except the largest region in
the mid-posterior marginal region.

3.5. Coaptation lengths and PM forces

We have conducted two comparative validation studies with respect to coaptation length and
reaction force on the PM tips. MV simulations without the incorporation of annular motion
demonstrated a difference of 8.0% and 35.5% in coaptation length compared with the 3D
TEE data in patients with and without MR, respectively (Table 2). This difference in
coaptation length decreased to 3.7% and 9.6%, respectively, when dynamic annular motion
was incorporated into the MV simulations.

A previous in-vitro study experimentally measured the force of 4.5 N exerted on the PM tips
at peak systole (120 mmHg) (Jensen et al., 2001). The average forces exerted on the PM tips
at peak systole in the MV simulations with and without consideration of dynamic annular
motion in the present study were 3.3+0.6 N and 4.3£1.1 N, respectively.

4. Discussion

Accurate evaluation of the effect of annular motion on MV dynamics has been one of the
most popular but poorly understood issues in MV biomechanics. Studies have focused on
optimization of the shape and dimension of the annulus utilizing ring annuloplasty to restore
leaflet coaptation and normal mitral function (Rausch et al., 2011a, 2011b). Most FE
simulation studies have used geometrically idealized MV models with representative
geometric MV parameters (Prot et al., 2009; Salgo et al., 2002; Stevanella et al., 2009).
Although these studies help us to understand the effect of annular motion on normal MV
function, patient-specific information of MV geometry across the cardiac cycle is required to
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better determine the extent and severity of abnormal MV function and better evaluate
efficacy of mitral repair to restore normal MV function.

In this study, we developed a novel algorithm to incorporate patient-specific geometric
changes of annular motion into a dynamic FE simulation of MV function. Dynamic annular
motion was incorporated along with pressure gradient changes across the MV to calculate
time-varying scaled annular displacement. In patients with and without MR, our simulations
clearly demonstrated patient-specific deformation of annular shape across the cardiac cycle
leading to substantial changes in stress distribution over the leaflets and annulus. Large
stress values across the leaflets were reduced regardless of the presence of MR. This model
suggests that simulation studies not considering patient-specific annular motion may lead to
inaccurate stress prediction and misunderstanding of biomechanical changes in the MV
structure. Additionally, the incorporation of dynamic annular motion clearly demonstrated
an improved accuracy in determining the location of improper leaflet coaptation in patient
with MR.

There are some factors that influenced our results. In this study, we utilized previously
reported material property and leaflet thickness data of porcine MV tissue (May-Newman
and Yin, 1998) to design the Fung-type elastic material model. Simulation results may differ
if human tissue data are incorporated and should be interpreted in a qualitative manner.
Since there are no actual data published for the in-plane shear components of porcine MV
tissue, we modeled only normal components previously reported (May-Newman and Yin,
1998). Although we utilized leaflet geometry and dynamic annular motion from patient 3D
TEE data to create a virtual MV model, the chordae tendineae and PM locations were
modeled based on previously reported clinical data (Lam et al., 1970; Prot et al., 2010;
Sonne et al., 2009). We are currently developing an improved MV modeling protocol to add
more realistic chordae tendineae modeling and incorporate PM locations directly from
patient 3D TEE data.

Additionally we are increasing the number of cases with and without MR to better confirm
our results as to the importance of dynamic annular motion on MV function. However, in
this study, we present solid data concerning the importance of the incorporation of patient-
specific annular motion to accurate MV modeling.

This study demonstrates the effect of dynamic annular motion on computational studies of
MYV dynamics. This strategy has the potential to better quantitate the extent of pathologic
alterations in the MV apparatus and better evaluate functional restoration following MV
repair. potential to better quantitate the extent of pathologic alterations in the MV apparatus
and better evaluate functional restoration following MV repair.
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Study protocol for MV modeling and dynamic annular motion using patient 3D TEE data

followed by dynamic FE simulation.
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@ Annular nodal position at end diastole
O Corresponding annular nodal position at peak systole

Annular boundary
at end diastole

*. Annular boundary
*\, at peak systole

w<0 0<w<l w>1

Fig. 2.

(A) Transformation system between the two annular configurations. At peak systole (Osy):
par—anterolateral commissure point, pp,—posteromedial commissure point, p4—midpoint
of the anterior annulus, pp—midpoint of the posterior annulus. At end diastole (Op;y):
Par—anterolateral commissure point, pp,—posteromedial commissure point, pa’ —
midpoint of the anterior annulus, p—midpoint of the posterior annulus. (B) Nonlinear
nodal displacement of the annulus from end diastole to peak systole calculated using the
time-varying scaled annular displacement and the direction vector.
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Transvalvular pressure gradient across the MV and ECG-gated time-varying scaled annular

displacement imposed.
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Fig. 4.

(A) Volumetric MV images from 3D TEE data demonstrating MV morphology at peak
systole and end diastole (ventricular view). (B) Corresponding images of the virtual MV
model demonstrating the anterior and posterior leaflets, annulus, marginal and strut chordae

tendineae, and the PM tips.
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Transition

Peak systole

t=0.07,t=0.56 t=0.2

Patient 1

t=0.07,t=0.56 t=0.2
Patient 2

Dynamic motion of the annulus across the cardiac cycle. Annular shapes are displayed from
the posterior and atrial viewpoints in each patient data to demonstrate and compare dynamic
annular motion between the patients. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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I End diastole (Open)
I Peak systole (Closed)

Patient 1

Atrial view Oblique view

Patient 2

Atrial view Oblique view

Fig. 6.

Morphology of the MV apparatus at end diastole and peak systole demonstrating dynamic
annular motion as well as leaflet deformation. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7.

Von Mises stress distribution across the MV leaflets and annulus at peak systole with and

without dynamic annular motion.
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Fig. 8.

Contact stress distribution across the MV leaflets at peak systole demonstrating the effect of
dynamic annular motion on contact evaluation in patient with MR.
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Table 2
Coaptation lengths from the 3D TEE data and dynamic MV simulation.

Page 20

Case 3D TEE data from clinical ’
softwar e (repeated 3 Lﬂﬁﬂ@?ﬁ%ﬁgﬁf Dynamic MV simulation  Difference (%)
measur ements)
MV without regurgita- tion (Patient ;5 51 o No 47.2 8
D Yes 421 37
No 60.7 355
MV with regurgita- tion (Patient 2)  44.872.4
Yes 49.3 9.6
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