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Treatment of mitral valve (MV) diseases requires comprehensive clinical evaluation and therapy person-
alization to optimize outcomes. Finite-element models (FEMs) of MV physiology have been proposed to
study the biomechanical impact of MV repair, but their translation into the clinics remains challenging.
As a step towards this goal, we present an integrated framework for finite-element modeling of the MV
closure based on patient-specific anatomies and boundary conditions. Starting from temporal medical
images, we estimate a comprehensive model of the MV apparatus dynamics, including papillary tips,
using a machine-learning approach. A detailed model of the open MV at end-diastole is then computed,
which is finally closed according to a FEM of MV biomechanics. The motion of the mitral annulus and
papillary tips are constrained from the image data for increased accuracy. A sensitivity analysis of our
system shows that chordae rest length and boundary conditions have a significant influence upon the
simulation results. We quantitatively test the generalization of our framework on 25 consecutive
patients. Comparisons between the simulated closed valve and ground truth show encouraging results
(average point-to-mesh distance: 1.49 ± 0.62 mm) but also the need for personalization of tissue proper-
ties, as illustrated in three patients. Finally, the predictive power of our model is tested on one patient
who underwent MitralClip by comparing the simulated intervention with the real outcome in terms of
MV closure, yielding promising prediction. By providing an integrated way to perform MV simulation,
our framework may constitute a surrogate tool for model validation and therapy planning.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Clinical rationale: preoperative planning of mitral valve repair

The mitral valve (MV), located between the left atrium (LA) and
the left ventricle (LV), controls the blood flow from the LA towards
the LV. The MV is a complex cardiac structure comprising two leaf-
lets, the mitral annulus and chordae tendineae. The leaflets are at-
tached to the left heart through the fibrous mitral annulus. The
other extremity, called free edge, is tethered to the papillary mus-
cles through the chordae tendineae (Fig. 1). During diastole, the
leaflets open as the blood enters the LV. When the myocardium
starts to contract, the leaflets close to prevent the blood from going
back to the atrium. The chordae tendineae tighten to ensure per-
fect closure.
ll rights reserved.
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Mansi).
Mitral valve disease is one of the most common heart valve dis-
eases (Iung and Vahanian, 2011), with a prevalence sharply
increasing with age (from 0.5% to 9.3% between 18 and P75 year
of age in the US (Roger et al., 2011)). Defects in leaflet morphology,
chordae structure or ventricular asynchrony can result in incorrect
MV closure. In this situation, the blood flows back towards the LA
during systole, the so-called mitral regurgitation, thus decreasing
cardiac efficiency. In severe cases, surgical intervention may be
necessary to repair, or even replace the incompetent valve. The
edge-to-edge technique, which consists in suturing the two mitral
leaflets at the regurgitant hole, has demonstrated good clinical out-
comes in patients with severe mitral insufficiency due to leaflet
prolapse or calcified annulus (Maisano et al., 1998). Recently, a
percutaneous device, called MitralClip, has been designed to attach
the two leaflets through a catheter (Herrmann and Feldman, 2006).
A careful preoperative planning is necessary to select patients and
to determine the clipping sites. Strict guidelines have been defined
(Feldman et al., 2009) but current selection criteria still lack pre-
dictive power with respect to complications and effectiveness of
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Fig. 1. 3D+t transesophageal (TEE) ultrasound image of the mitral valve.
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the therapy in specific patients. It is not uncommon to perform
several attempts during intervention and, in some cases, decide
to place two clips (�30% of the patients) or even to abort the pro-
cedure due to complications (�10% of the patients) (Feldman et al.,
2009). Thus, there is a need for an efficient and predictive frame-
work that can assist the clinicians in planning the MitralClip proce-
dure and guide them during intervention.
1.2. Technical background: computational models of the mitral valve

1.2.1. Geometrical models of MV anatomy
Comprehensive assessment of MV physiology requires detailed

modeling of patient MV anatomy and dynamics from images. How-
ever, the complexity of MV anatomy and its fast dynamics make its
accurate delineation from medical images difficult. Ultrasound
images, and 3D+t transesophageal (TEE) in particular, are the
images of choice to evaluate MV function in patients. They not only
show the dynamics of the structure but also enable clinicians to
compute diagnostic parameters through tedious and time-con-
suming delineation, with little computational assistance (Chandra
et al., 2011; Jassar et al., 2011).

More automatic methods have been proposed to make MV
assessment more efficient. Burlina et al. (2010) proposed an inter-
active algorithm based on thin-tissue detection and level-set
deformable models to identify the MV and the LV endocardium
in 3D TEE images. Detailed geometrical models were obtained, en-
abling the authors to perform patient-specific MV simulations.
However, several user interactions were still necessary to guide
the algorithm and no automation was provided to estimate MV
anatomy throughout the cardiac cycle consistently as the method
deals with frames individually. Schneider et al. proposed a complex
pipeline to automatically delineate the MV from 3D+t TEE images,
obtaining results with promising accuracy. The method relied on
mitral annulus detection and tracking (Schneider et al., 2011b),
leaflet segmentation of the open valve (Schneider et al., 2011a)
and leaflet tracking using a deformable model that handled con-
tacts and chordae stresses (Schneider et al., 2011d). Temporal
resampling of 3D+t TEE images acquired on multiple heartbeats
was proposed to improve temporal consistency (Schneider et al.,
2011c). However, it is not clear how the authors’ approach gener-
alizes on large populations, with a wider spectrum of MV diseases,
because of the numerous parameters to set.

In (Ionasec et al., 2010), we provided a fast and accurate method
based on machine learning to detect the MV on 3D+t TEE or CT
images. The method has been recently extended to all heart valves
(Grbić et al., 2010) and papillary tips (Voigt et al., 2011b). Biome-
chanical constraints have also been added to improve the robust-
ness of MV tracking (Voigt et al., 2011a). The algorithm has been
validated on hundreds of patients with various heart valve dis-
eases, showing very good robustness and accuracy.
1.2.2. Biomechanical models of MV physiology
Quantifying MV function might not be sufficient to plan the

optimal treatment for a specific patient. Mechanical insights are
necessary to predict how pathological MV dynamics will be mod-
ified after intervention. Furthermore, a comprehensive under-
standing of MV physiology is crucial in order to design long-term
treatments that do not alter normal LV function. To address these
questions, computational models of MV physiology have been pro-
posed. Since the pioneering work of Kunzelman et al. (1993), sev-
eral models have been proposed and new insights on MV function
have been obtained. Two categories of computational MV models
can be distinguished: structural models and fluid–structure inter-
action (FSI) models.
1.2.2.1. Structural models. Structural models aim to simulate the
biomechanics of MV apparatus without directly considering the
blood that flows across it. The standard approach is to use finite-
element models (FEM) to solve the dynamics equation of MV leaf-
lets, under chordae tension, surface pressure and boundary condi-
tions (Kunzelman et al., 1993). Chordae were identified as non-
linear tensile tissues very early (Kunzelman and Cochran, 1990).
Biaxial stress-stretch experiments revealed that leaflets are non-
linear tissues, owing to crimped collagen fibers that unfold when
the leaflet are under stress, and anisotropic, as these fibers are
mostly oriented parallel to the mitral annulus (May-Newman
and Yin, 1995; Grashow et al., 2006; Sacks et al., 2009). Thus,
although some studies relied on anisotropic linear elasticity (Kunz-
elman et al., 1993; Schievano et al., 2009; Krishnamurthy et al.,
2009), leaflets biomechanics are mostly modeled using hyperelas-
ticity theory (May-Newman and Yin, 1998; Prot et al., 2007). These
studies enabled to analyze leaflet stress distribution during valve
closure (Prot et al., 2007; Votta et al., 2008; Stevanella et al.,
2009) and to quantify the effects of material properties on valve
closure (Prot et al., 2010). They also highlighted the key role of
MV annulus motion and papillary tips position for optimal valve
closure (Stevanella et al., 2009). Considered as passive tissues until
recently, leaflets may actually be active as revealed by recent stud-
ies (Krishnamurthy et al., 2009; Stevanella et al., 2011a), respond-
ing to atrial contraction. Computational models simulating this
property (Skallerud et al., 2011; Swanson et al., 2011) suggested
that MV shape at systole may be driven by the systolic stiffening
of the leaflets.

Alternatives to FEM that require less computational power have
been investigated for surgery training and therapy planning. In
(Hammer et al., 2011), the authors simulated MV closure using
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an anisotropic mass-spring model whose stiffness is fitted to a typ-
ical leaflet stress–strain energy. The authors successfully tested
their approach on ex vivo pig data. Burlina et al. (2010) developed
a stationary analysis framework for MV closure simulation based
on shape-finding finite elements. Given a triangulated mesh, the
algorithm finds the equilibrium position of its vertices by minimis-
ing a total energy that comprises external forces, contact forces,
tethering forces and linear elastic energy. Sprouse et al. (2011) ex-
tended this approach to hyperelastic materials to estimate leaflet
stresses. The approach was applied on two in vivo cases, resulting
in promising prediction errors of�3 mm although MV annulus was
deformed based on global geometrical parameters.

1.2.2.2. Fluid-structure interaction models. While structural models
focus on MV biomechanics, FSI models aim to study the interac-
tions between the MV and the blood flow by coupling FEM MV
models with computational fluid dynamics (CFD) of blood flow
(Einstein et al., 2010). Common approaches rely on Lagrangian
frameworks (Kunzelman et al., 2007; Lau et al., 2010) or immersed
boundaries methods (Watton et al., 2008). While FSI models are
necessary for comprehensive analysis of MV physiology, they are
significantly more complex to solve. Additionally, blood flow
boundary conditions are required, which may be difficult to mea-
sure from standard clinical data. The standard approach is to im-
merse the MV into an idealized fluid domain (tubes (Watton
et al., 2008), boxes (Einstein et al., 2010) or idealized ventricular
geometries (Lau et al., 2010)), which may not reflect the actual
condition of the patient. Recently, patient-specific LV geometry
and dynamics from TEE ultrasound data have been used as bound-
ary conditions to CFD solvers (Sprouse et al., 2009; Voigt et al.,
2011b). However, fluid-to-solid interactions were not considered
in these studies.

1.2.3. Computational analysis of MV repair
As MV modeling reaches maturity, researchers are beginning to

investigate the effects of therapies on MV function. Mitral annulo-
plasty was simulated on a patient-specific anatomy (Votta et al.,
2007; Stevanella et al., 2011b), showing that FEM models can be
used to determine ring size. Reported simulations were not com-
pared with actual outcomes. Schievano et al. (2009) investigated
two different techniques for percutaneous valve dilatation using
a linear elastic model (Kunzelman et al., 1993) and idealized geom-
etries. Structural changes due to edge-to-edge repair were also
simulated (Votta et al., 2002; Avanzini, 2008). In (Avanzini et al.,
2011), the authors concluded that MitralClip intervention yields
leaflet stresses similar to those resulting after the surgical edge-
to-edge procedure. Finally, FSI modeling of the edge-to-edge pro-
cedure on idealized valve geometry identified an increased fluid
jet velocity due to the double orifice (Lau et al., 2011). However,
all these studies could not be evaluated against clinical data on
large populations due to their idealized framework or the tedious
process to get patient-specific anatomical models.

1.3. Aim of the study

Translating computational models of MV physiology to clinical
practice remains a tremendous challenge. One of the major diffi-
culty is the lack of integrated and efficient framework for MV mod-
eling based on patient data. Studies based on in vivo patient images
are being reported but time-consuming manual delineations are
still required, with no (Stevanella et al., 2011b; Conti et al., 2010)
or partial automation (Votta et al., 2008; Burlina et al., 2010). Be-
cause of the user interactions, validation is still limited to few sub-
jects (usually 65). Therefore, current approaches can hardly scale
up and may yield inconsistent results due to user variability.
As a first step towards patient-specific MV FEM, we propose in
this manuscript an integrated framework that combines efficient
machine-learning methods with a biomechanical model of the
valve apparatus to simulate MV function and therapies in patients.
As illustrated in Fig. 2, and detailed in Section 2, our approach first
estimates a comprehensive anatomical model of MV apparatus,
including papillary tips, from the images. We then automatically
build a detailed volumetric model comprising leaflet fibers, and
simulate MV closure based on a biomechanical model. After
parameter sensitivity analysis, we evaluated the generalization of
our biomechanical model with respect to tissue properties, i.e.
how accurately MV closure can be simulated by using patient
geometry and boundary conditions but standard tissue parame-
ters. MV closure was simulated on 25 consecutive patients and
compared with ground truth, showing that good results can be
achieved (mean point to mesh error: 1.49 ± 0.62 mm) but also
highlighting the importance of personalizing tissue biomechanical
parameters. Finally, we applied our framework to MitralClip plan-
ning by simulating the intervention on the preoperative data of one
retrospective patient. Comparison with the real outcome in terms
of MV closure suggested a promising prediction power.

This study extends our previous work (Mansi et al., 2011) as
follows:

i The anatomical model used to simulate MV closure is closer
to experimental data reported in the literature, more espe-
cially leaflet thickness (Kunzelman et al., 2007; Conti et al.,
2010).

ii The biomechanical model is improved to consider tissue
anisotropy. MV fiber orientation is modeled as in (Prot
et al., 2009).

iii A sensitivity analysis of the main biomechanical parame-
ters is carried out to identify the parameters to adjust first
when calibrating the model.

iv The generalization of the biomechanical model with
respect to tissue properties is tested on 25 cases.

v A first personalization of chordae biomechanics is reported
on three cases.

2. Methods

2.1. Estimation of mitral valve apparatus from 3D+t TEE images

In this study, MV anatomy is estimated from 3D+t TEE images.
The model comprises (Fig. 3): the mitral annulus, the anterior and
posterior leaflets (henceforth denoted AL and PL respectively), and
the anterior and posterior papillary tips. To capture a broad spec-
trum of morphological variations, the model is parameterized by
three coarse-to-fine components: (i) Three transformations B for
global location, orientation and scale over the cardiac cycle; (ii)
The trajectories of nine anatomical landmarks LðBÞ ¼
ðl1 . . . l9Þ 2 R3�9 (two trigones, one posterior annulus mid-point,
two commissures, two leaflet tips and two papillary tips); and
(iii) a triangulated surface mesh SLAðB; LÞ to represent the left atrial
(LA) surface of both AL and PL. The position of the vertices of the LA
surface is constrained by the anatomical landmarks, resulting in an
anatomically consistent parameterization ðX;u;vÞ that ensures in-
tra- and inter-patient point correspondence (Ionasec et al., 2010).
X is the vertex of the mitral annulus that is directly perpendicular
to the anterior commissure, u (v resp.) is the curvilinear coordinate
tangent (radial resp.) to the annulus. ures and v res are the resolutions
along the u- and v- coordinates respectively.

B, L(B) and SLAðL;BÞ are estimated from the images using a
hierarchical discriminative learning algorithm (Fig. 4). The prob-
ability pðB; L; SjIÞ knowing the image data I is incrementally mod-
eled within the Marginal Space Learning (MSL) framework, based



Fig. 2. The main steps of the proposed framework for MV closure simulation.

Fig. 3. Anatomical model of the MV and sub-valvular apparatus that is estimated from clinical images. Leaflets are uniquely parametrized through the curvilinear coordinates
ðX;u;vÞ calculated from the detected landmarks.

Fig. 4. The main steps of the automatic estimation pipeline. We first estimate the global position of the MV, then detect the MV landmarks inside this region of interest and
finally map and deform triangulated surfaces to segment the MV leaflets.
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on the Probabilistic Boosting Tree (PBT). Intuitively, given a test
image, MLS framework first finds position candidates around the
MV based on Haar- and steerable features. The position candi-
dates are then successively refined by rotation and scaling candi-
dates. This defines a region of interest inside which the position
of nine landmarks is estimated using the same strategy. Next, a
point-distribution model of the MV surface is mapped according
to the landmarks and deformed, within the learned space of
shapes, according to boundary detectors estimated through
PBT. Finally, the complete MV anatomy is tracked over the car-
diac sequence using a manifold-based motion model. The reader
is referred to (Zheng et al., 2008; Ionasec et al., 2010) for further
details.

2.2. Volumetric anatomical model of the MV apparatus

In a second stage, we extend the surface model by (i) generating
a thick, tetrahedral representation of MV leaflets, (ii) adding MV
leaflet fiber orientation to capture tissue anisotropy and (iii) mod-
eling MV chordae.
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2.2.1. Tetrahedral representation of MV leaflets
MV biomechanics are computed using tetrahedral FEM (Sec-

tion 2.3). The thick geometry of MV leaflets must therefore be
modeled but due to the inconsistent quality of ultrasound images,
accurate measurement of leaflet thickness from the images is still
challenging. Instead, we compute the LV surface of the leaflets, SLV ,
by extruding the previously SLA towards the ventricle. The surfaces
SLA and SLV are merged at the free edges and annulus to obtain the
thick geometry. Leaflet thickness is directly controlled by the
extrusion depth, here 1.32 mm and 1.26 mm for the AL and PL
respectively, as in (Votta et al., 2008; Kunzelman et al., 2007). Tet-
rahedral elements are created between SLA and SLV by connecting
the surface vertices. Thus, the number of tetrahedra is directly con-
trolled by the parameters ures and v res, and point correspondence is
ensured across time frames and patients. For regional personaliza-
tion, each element is automatically tagged according to the leaflet
it belongs to (Fig. 5, left panel).

2.2.2. MV fibers modeling
Current in vivo imaging technology cannot quantify the orienta-

tion of leaflet collagen fibers. Thus, their direction is modeled as in
(Prot et al., 2009), following the experimental observations re-
ported in (May-Newman and Yin, 1995). Fibers are mainly parallel
to the annulus (circumferential direction). For the AL, the fibers
close to the commissures gradually rotate to become perpendicular
to the annulus (radial direction) (Fig. 5, right panel).

2.2.3. MV chordae modeling
Twenty-eight marginal chordae are defined, evenly attached be-

tween papillary tips and leaflet free edges (Hammer et al., 2008;
Votta et al., 2008). Four basal chordae are attached to each leaflet,
two for each papillary tip (Fig. 6). To avoid any bias in the evalua-
tion, insertion points are identical across subjects owing to the
point correspondence. More precisely, the insertion points of the
marginal chordae are defined by ðu;vÞ ¼ ðkures=28; vres � 1Þ, where
k 2 ½½0 : 27��. Basal insertion points are defined by ðu;vÞ ¼
ðð2iþ 1Þures=8; ðv res � 1Þ=2Þ and ðu;vÞ ¼ ðð2iþ 1Þures=8þ 1;
ðv res � 1Þ=2Þ; i 2 ½½0 : 3��.

2.3. Biomechanical model of mitral valve apparatus

Valve closure is simulated by solving the dynamics system:

M€Uþ C _Uþ KU ¼ Fc þ Fp ð1Þ

U is the displacement vector of the free vertices of the MV mesh,
_U the velocity vector and €U the acceleration vector. M is the
lumped mass matrix (a uniform mass density q ¼ 1:04 g=mL is
used, Table 1). K is the stiffness matrix of the internal elastic forces.
Fig. 5. Left panel: Tetrahedral mesh of MV leaflets. Colors encode element tag for region
are oriented mainly parallel to the annulus. On the anterior leaflet, fibers become radia
references to colour in this figure legend, the reader is referred to the web version of th
C is the damping matrix modeling the viscosity of the system. It
also increases system robustness under strong collisions. In this
work, C is a linear combination of stiffness and mass matrices (Ray-
leigh damping), C ¼ aMMþ aKK. Non-reported experiments identi-
fied aM ¼ 0:1 s�1 and aK ¼ 0:1 s as a good compromise between
system damping and robustness. Fc and Fp are the forces developed
by the chordae and heart pressure respectively.

2.3.1. Leaflet passive properties
MV leaflets are modeled as linear, transverse isotropic elastic

tissues (Hammer et al., 2008; Schievano et al., 2009; Krishnamur-
thy et al., 2009) as we are not directly interested in leaflet stresses
during the entire cardiac cycle but we rather seek to predict how
well they close during systole to assess possible residual regurgi-
tant holes after intervention. Besides, recent works based on in-
verse-problem methods suggested that the leaflets may behave
as linear materials in the range of physiological pressures (Krishna-
murthy et al., 2009). In our experiments, different tissue properties
are assigned to the AL and PL. The Young moduli corresponding to
the tangent elastic modulus measured at large strains are used
(values from (Schievano et al., 2009) and estimated experimentally
in (Kunzelman et al., 1993)) (Table 1).

2.3.2. Chordae passive properties
Chordae are modeled by piecewise tensile springs between pap-

illary tips, modeled as spatial points, and leaflet insertion points
(Fig. 6). Between an insertion point vi; i 2 fmarginal;basalg and
its corresponding papillary tip pi, we apply the force:

fcðvi;pi; tÞ ¼ �kc;ið�c;i; tÞ � ðLiðtÞ � Li;0Þ; ð2Þ

where Li is the current elongation kviðtÞ � piðtÞk; �c;iðtÞ ¼
ðLiðtÞ � Li;0Þ=Li;0 is the strain and Li;0 is the chordae rest length, de-
fined as the distance between the papillary tips and the insertion
points estimated at the end diastole time frame. At compression,
when �c;iðtÞ 6 0; kc;i ¼ 0 g=mm2 to model free compression. During
tension, the non-linear response of the chordae (Fig. 7, left panel) is
approximated using a piece-wise constant stiffness function
kc;ið�c;i; tÞ. Spring tensile stiffnesses kc;i are calculated from the chor-
dae Young moduli according to kc;i ¼ A0;iEc;i=L0;i where A0;i is the
chordae cross-section at rest. The parameters used in this study
were estimated experimentally in (Kunzelman and Cochran, 1990)
and reported in Table 1.

2.3.3. External loads, boundary conditions and contacts
We simulated valve dynamics between end of diastole, defined

as the last time frame when the valve is seen fully open, and the
first systolic frame, defined as the first frame when the valve is
seen maximally closed (fully closed if not pathological). Since pres-
al personalization. Right panel: Computational model of MV fiber orientation. Fibers
l close to the commissures. Colors encode fiber direction. (For interpretation of the
is article.)



Fig. 6. Tendineae chordae and boundary conditions (Patient 25). Chordae are inserted in the leaflets at the same spatial location for all patients owing to the point
correspondence. Mitral annulus and papillary tips motions are prescribed from image data.

Table 1
Parameters of the biomechanical model.

Leaflets (from Schievano et al. (2009)
Mass density q = 1.04 g/mL
Poisson ratio m = 0.488
AL Young’s modulus EALf

¼ 6:233 MPa,
EALf?

¼ 2:350 MPa

AL shear modulus Gf f? ¼ 1:369 MPa
PL Young’s modulus EPLf

¼ 2:087 MPa,
EPLf?

¼ 1:887 MPa

PL shear modulus Gf f? ¼ 0:694 MPa

Marginal chordae (from Kunzelman and Cochran (1990)
Young’s modulus (� < 2:5%) Ec ¼ 312 g=mm2

Young’s modulus (�P 2:5%) Ec ¼ 3406 g=mm2

Cross-section A0 ¼ 0:40 mm2

Basal chordae (from Kunzelman and Cochran (1990)
Young’s modulus (� < 5%) Ec ¼ 66 g=mm2

Young’s modulus (�P 5%) Ec ¼ 2120 g=mm2

Cross section A0 ¼ 2:05 mm2

General
Time step dt = 0.01 s
Mesh resolution ures ¼ vres ¼ 30
Number of marginal chordae 28
Number of basal chordae 4
kclip 1000 g=mm
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Fig. 7. Left panel: Stress–strain behavior of chordae. Linear approximation in dashed lines
the leaflets to simulate closure. The time is adjusted for each patient to match valve clo
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sure values were unknown for the patients, we assumed a generic
profile that increases from 0 mmHg to 120 mmHg (Fig. 7, right pa-
nel), as in (Prot et al., 2009; Stevanella et al., 2011b; Hammer et al.,
2011). The motions of the papillary tips and of the mitral annulus
are prescribed from the automatic detection (Fig. 6). In practice the
displacement and velocity of the prescribed vertices are projected
at every time step of the simulation such that they correspond to
the motion observed in the images. Finally, self-collisions are de-
tected using a ray-casting approach (Hermann et al., 2008). At
every time step, the distance between a leaflet vertex and the leaf-
lets, along vertex normal, is calculated. If that distance is lower
than an alarm distance dc ¼ 0:6 mm, then a spring is added be-
tween the vertex and the collision point to ensure a minimal colli-
sion distance of 0.3 mm. Tangential interaction is modeled with a
friction coefficient of 0.5.
2.4. MitralClip simulation

Virtual mitral clipping is performed interactively, in real-time,
on the open configuration of the preoperative anatomy. The pres-
sures are disabled and mitral annulus and papillary tips are fixed
to facilitate user interactions. The user first picks a vertex on each
leaflet (Fig. 8A). A stiff spring (kclip ¼ 1000 g=mm) is then created
between the two vertices, which makes the leaflets progressively
close at the clip location (Fig. 8B) according to their internal consti-
0.2 0.4 0.6 0.8 1
Normalized Time

(data from Kunzelman and Cochran (1990)). Right panel: Pressure profile applied to
sure duration.
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Fig. 8. Interactive simulation of MitralClip procedure. The user picks two vertices on each leaflet (vAL and vPL) (A). A spring is created between the picked vertices (blue lines)
that will progressively (B) stitch the leaflets together (C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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tutive law and chordae tension. The stiffness of the spring is strong
enough to hold the leaflets together and model the clip (Fig. 8C).

Once the clip is implanted, postoperative MV closure is simu-
lated to assess the efficacy of the intervention in terms of MV
regurgitation, just after clip release. To that end, we assume the
ventricle motion to be similar to the preoperative motion, as only
the morphology of the leaflets changed. Preoperative boundary
conditions and ventricular pressures are applied on the clipped
geometry to simulate closure.
2.5. Implementation

The biomechanical model is implemented using SOFA,1 an
open-source soft-tissue intervention framework (Allard et al.,
2007). Eq. (1) is solved using co-rotational linear tetrahedral finite
elements to cope with large deformations and rotations (Nesme
et al., 2005). The simulation time is scaled such that the simulated
MV closure is ten times longer than what is observed in the images
(from 70 ms to 150 ms) to handle the strong and discontinuous con-
tact forces, as in (Votta et al., 2008). An implicit Euler solver is used
to update mesh positions (Baraff and Witkin, 1998). We finally stress
that the pipeline is completely integrated, from model estimation to
simulation, although the user can manually adjust the models if
necessary.
3. Experiments and results

Three experiments were carried out. We first evaluated the
accuracy of the anatomical model estimation. We then performed
a sensitivity analysis of our biomechanical model, followed by a
systematic evaluation on 25 consecutive subjects. We finally ap-
plied our framework to predict MitralClip intervention in one case
for whom postoperative data was available.
3.1. Validation of the MV anatomical model

The performance of the automatic estimation of the MV appara-
tus was evaluated on 200 3D+t TEE images from 120 patients with
a wide range of diseases (MV prolapse, calcified mitral annulus,
stenosis, ventricular dysfunction, etc.). Images were acquired with
different angulation, field of view and resolution (spatial and tem-
poral). Threefold cross-validation against manual delineation
yielded an average point-to-mesh error of 2.75 ± 0.86 mm. Qualita-
tive evaluation showed that the MV was faithfully tracked
throughout the cardiac sequence, even during valve closure and
opening when the dynamics are fast (Fig. 9). Computation time
was 4.8 s per 3D volume (Intel Core2Duo, 2.66 GHz quad core,
2 GB RAM). A thorough evaluation of model estimation is beyond
1 http://www.sofa-framework.org.
the scope of this study, more comprehensive evaluations can be
found in (Ionasec et al., 2010; Grbić et al., 2010; Voigt et al., 2011b).

3.2. Evaluation of MV closure simulation

3.2.1. FEM convergence analysis
We first determined the spatial resolution and the time step

that are required for computationally efficient and accurate simu-
lations. To this end, we quantified the numerical convergence of
the dynamic system by computing the difference between the sim-
ulation results at a given spatial/temporal resolution and the result
obtained at the finest discretization. Sub-millimetric errors were
considered as satisfactory, compared to image resolution (between
0.75–1.58 mm). The analyses were performed using the MV anat-
omy and boundary conditions of Patient 1. The parameters re-
ported in Table 1 were used. The rest lengths of marginal and
basal chordae estimated from the images were increased by 30%
and 10% respectively to better capture the observed MV closure
(see Section 3.2.3 and Fig. 17 for details and simulation accuracy
with respect to the ground truth).

3.2.1.1. Spatial convergence analysis. We first fixed the radial resolu-
tion v res ¼ 30 (Section 2.2) and simulated MV closure with the cir-
cumferential resolutions ures ¼ 30;40;50, corresponding
respectively to 9408, 12,768, 16,128 elements with 1.67 mm,
1.24 mm and 0.98 mm average edge-length. As one can see from
Fig. 10, ures had sub-millimetric effects on the results, as confirmed
by the point-to-mesh distance with respect to the result obtained
with the finest mesh, i.e. ures ¼ 50 (eures¼30 ¼ 0:48 �
0:28 mm; eures¼40 ¼ 0:46 � 0:25). We then fixed ures ¼ 30 and used
vres ¼ 10;20;30, corresponding respectively to 2688, 6048 and
9408 elements with 4.89 mm, 2.49 mm and 1.67 mm average
edge-length. As it can be seen in Fig. 11, the simulation at
vres ¼ 10 was significantly different from the others (point-to-mesh
distance with the result obtained with v res ¼ 30:
evres¼10 ¼ 0:74� 0:85 mm). In particular, the PL position was differ-
ent. Results at v res ¼ 20 and v res ¼ 30 were closer to each other
(evres¼20 ¼ 0:31� 0:23 mm), suggesting numerical convergence at
vres ¼ 30. Those results also hold for non-reported simulations at
higher vres and ures. Therefore, meshes generated with
ures ¼ v res ¼ 30 (9408 elements, 1.67 mm average edge-length)
were used for all subsequent simulations.

3.2.1.2. Temporal convergence analysis. Although Euler implicit
scheme theoretically allows large time steps dt, collision detection
can be hampered if dt is too large, when displacement amplitude
can be larger than collision alarm distance dc (Section 2.3.3). We
investigated the effects of time discretization on the simulations
by computing MV closure with dt = 10�1 s, 10�2 s, 10�3 s and
10�4 s. Fig. 12 reports the point-to-point distances between the
closed MV computed with dt ¼ 10�1 s; 10�2 s and 10�3 s and the
closed MV computed with dt = 10�4 s. Numerical convergence

http://www.sofa-framework.org


Fig. 9. Automatic detection of the MV apparatus on 3D+t TEE sequences of four patients with different diseases. The model accurately fits patients’ MV in the images.

Fig. 10. Effect of the circumferential resolution ures on the simulation. Only millimetric differences were visible. Colors encode point-to-mesh distance computed with respect
to the solution obtained at ures ¼ 50; v res ¼ 30. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Effect of the radial resolution v res on the simulation. At v res ¼ 10, MV closure simulation yielded a totally different result (see posterior leaflet), while convergence can
be seen for v res P 20.
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Fig. 12. Effect of the time step dt on the simulation. Colors encode point-to-point distance computed with the result obtained at dt = 10�4 s. Convergence was achieved at
dt = 10�3 s but dt = 10�2 s already yielded voxel accuracy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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was clearly reached at dt = 10�3 s (mean error: 0.03 ± 0.04 mm,
max.: 0.21 mm). dt = 10�2 s yielded already voxel accuracy (mean
error: 0.20 ± 0.20 mm, max.: 1.84 mm) but dt = 0.1 s was too large
(mean error: 0.62 ± 0.61 mm, max.: 3.50 mm). With that time step,
inter-leaflet collisions were not detected due to the large displace-
ments, and both leaflets interpenetrated (red zone in Fig. 12).
dt = 10�2 s seemed to be a good compromise between accuracy
and computational efficiency.
3.2.2. Sensitivity analysis of biomechanical model parameters
We analyzed the sensitivity of our framework with respect to

boundary conditions and chordae configuration since these param-
eters were reported to influence significantly FEM (Stevanella
et al., 2009) and mass-spring (Hammer et al., 2011) simulations.
We used the same parameters as in the previous section, with
ures ¼ v res ¼ 30 and dt ¼ 0:01 s.
3.2.2.1. Sensitivity to boundary conditions. We evaluated the effects
of boundary conditions on the computed MV closure by succes-
Fig. 13. Effect of boundary conditions on the simulation. Simulations without any of the
leaflet coaptation while papillary motion helped control anterior leaflet billowing. Dista
sively disabling mitral annulus motion, papillary tips motion and
both (Fig. 13). When the mitral annulus was fixed, the MV did
not close anymore, with a significant regurgitant hole. When the
papillary tips were fixed, the AL belly excessively billowed into
the atrium. This experiment further confirms the importance of pa-
tient-specific boundary conditions, as previously suggested by
(Stevanella et al., 2009) based on stress/strain analyses.
3.2.2.2. Sensitivity to marginal chordae properties. Chordae distribu-
tion can vary from patient to patient (Kunzelman and Cochran,
1990). We thus investigated the impact of the number of marginal
chordae on the simulation by computing MV closure with 56, 28,
20, 16 and 12 marginal chordae evenly attached to the free edges.
All other parameters were kept constant (Table 1). MV dynamics
are quantified by computing the distance between the leaflet tips
and the annulus plane, which was defined by the two trigones
and the posterior annulus mid-point (Fig. 3). Not surprisingly,
varying the number of marginal chordae modified leaflets dynam-
ics (Fig. 14). For instance, AL free edge came closer to the mitral
boundary conditions was significantly less accurate. Mitral annulus motion favored
nce measured with respect to ground truth.
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Fig. 14. Effect of chordae parameters on the simulation. Chordae rest length had a significant influence on MV dynamics, compared to the number of marginal chordae and
chordae stiffness. Chordae rest length can also alter MV dynamics by modifying inter-leaflet collisions (pink curve, right panels). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 2
Point-to-mesh distances between simulation and ground truth. Values reported as
mean ± SD (95th-percentile). The average error (1.49 ± 0.62 mm) was of the same
order of magnitude as that of the automatic detection (2.75 ± 0.86 mm). I; } and �
denote satisfactory, passable and unsatisfactory simulations.

Patient Point-to-mesh error (mm) Patient Point-to-mesh error (mm)

01 1.67 ± 1.50 (4.92), h 14 2.01 ± 1.81 (5.78), }
02 1.46 ± 2.09 (6.23), h 15 1.41 ± 1.09 (3.61), h

03 3.04 ± 2.56 (8.19), h 16 1.38 ± 1.04 (3.54), }
04 3.14 ± 2.91 (8.77), h 17 1.70 ± 1.64 (4.73), }
05 1.34 ± 1.43 (4.29), } 18 1.28 ± 1.14 (3.83), }
06 1.21 ± 1.14 (3.78), } 19 1.07 ± 0.91 (2.95), h

07 0.61 ± 0.52 (1.58), q 20 0.90 ± 0.72 (2.32), q

08 0.99 ± 0.71 (2.49), q 21 1.44 ± 1.57 (4.79), }
09 1.19 ± 1.00 (3.20), h 22 2.43 ± 2.03 (6.31), h

10 1.43 ± 1.33 (4.05), q 23 0.94 ± 0.87 (2.80), }
11 1.83 ± 2.96 (9.14), h 24 0.79 ± 0.84 (2.61), q

12 1.07 ± 0.84 (2.61), q 25 1.14 ± 1.31 (4.38), }
13 1.66 ± 1.68 (5.23), q
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annulus as the number of chordae decreased, since the leaflet is
less taut. This feature was also visible for the PL, although less evi-
dent due to smaller tip motion. As the maximum difference in tip
displacement was 61.65 mm for the anterior tip and 60.64 mm for
the posterior tip, we preferred to use 28 marginal chordae to be
consistent with previous studies (Stevanella et al., 2011b). It
should be noted though that local MV dynamics can be modified
if chordae distribution is locally changed, to model chordae rupture
for instance.

We evaluated the sensitivity of the simulation with respect to
chordae stiffness. MV closure was computed with stiffnesses vary-
ing from �30% to +30% of the standard values (Fig. 14, mid panel).
We used 28 marginal chordae for that experiment. Interestingly,
the variations were similar both in trends and amplitude to those
obtained in the previous experiment (maximum difference in tip
displacement 60.44 mm for the anterior tip, 60.46 mm for the
posterior tip). This can be explained by the law of parallel springs,
since chordae were always evenly distributed.

In both experiments, all configurations yielded identical results
at t < 40 ms. During that time interval, all chordae were under
compression (no tension), as papillaries and leaflet free edges were
moving synchronously. Leaflets were thus free to move. Differ-
ences appeared only later, when chordae started to tense and con-
trol leaflets motion.

Chordae rest length Li;0 (Section 2.3.2) was also reported to have
a significant influence on MV dynamics (Hammer et al., 2011). In
our framework, Li;0 is the distance between papillary tips and inser-
tion points at end diastole. Computing MV closure with Li,0 ± 10%,
20% and 30% yielded significant differences in simulation results
(Fig. 14, right panels). By changing the rest length from �30% to
+30%, differences in tip motion amplitude of 10.03 mm for the
anterior tip and 3.87 mm for the posterior tip were observed.
When the rest length was too long, the leaflets were free to fold
and the tips eventually attained the mitral annulus plane. When
the rest length was too short, the leaflets did not close at all. It is
therefore crucial to set up this parameter accordingly for each pa-
tient for accurate simulations.

Based on these results, a three-step personalization strategy can
be derived. First, insertion points distribution is assessed such that



1340 T. Mansi et al. / Medical Image Analysis 16 (2012) 1330–1346
the main features of the closed valves are captured. This can be
achieved by starting with a homogeneous distribution and then
removing chordae apparently ruptured. The insertion points are
then fixed and the rest length estimated individually such that
the position of the free edges matches what is observed in the
images. Finally chordae stiffnesses are adjusted to further refine
the simulation results. The process is iterated until convergence.

3.2.3. Biomechanical model generalization with respect to tissue
properties

Our integrated framework enabled us to evaluate the general-
ization of the biomechanical model in terms of tissue parameters
on 25 consecutive patients. The objective was to assess how well
MV closure can be captured using patient-specific anatomy and
boundary conditions only, tissue properties being set according
to Table 1.

3.2.3.1. Patient selection and experimental protocol. 25 patients were
randomly selected from five hospitals, representing a large spec-
Fig. 15. Simulated MV closure in three patients compared to observ
trum of heart diseases (MV diseases, aortic valve diseases, myocar-
dium infarction, etc.). For these patients, standard 3D+t TEE images
of the MV were acquired (image resolution: 0.75–1.58 mm isotro-
pic, number of frames: 7–28 (median: 14), covering the full cardiac
cycle). MV closure was visible during two to four frames (average
duration: 0.197 s). The dynamic models of MV anatomy were auto-
matically estimated on all time frames of the sequences. To mini-
mize bias in the evaluation of the simulation, an expert (M.H.)
carefully verified the estimated models. When errors were visible,
the expert could interactively manipulate the landmarks and leaf-
let surfaces in user-friendly 2D views, the shape constraint and
temporal model ensuring anatomical and temporal consistency
automatically (Ionasec et al., 2010). In particular, papillary tips
were carefully verified using all temporal information. The result-
ing models were then used as ground truth.

The anatomical model at the time frame just before closure,
which corresponds to the end-diastole time point, was used to sim-
ulate MV closure. Boundary conditions were estimated from the
images. The pressure profile described in Section 2.3.3 was applied
ed MV shape. These cases were visually ranked as satisfactory.



Fig. 16. Simulated MV closure in two patients compared to observed MV shape. Partial MV closure was achieved in these cases, mainly because of an incomplete closure of
posterior leaflet.
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and simulation was scaled as described in Section 2.5. The simu-
lated closed valve was compared to the ground truth estimated
at the first time frame at which the MV was observed closed.

3.2.3.2. MV closure simulation. Table 2 reports the average point-to-
mesh distances from the simulations to the ground truth for every
patient. Population-wise, the average error was 1.49 ± 0.62 mm,
which was of the same order of magnitude of the automated detec-
tion and in the range of values reported in the literature (Burlina
et al., 2010; Hammer et al., 2011; Sprouse et al., 2011). We quali-
tatively evaluated the results by ranking them as satisfactory if
the closure observed in the images was captured (Fig. 15), passable
if closure was only partial (Fig. 16), or unsatisfactory if the valve
was still open or not corresponding to the observation (Fig. 17).
With those criteria, simulations were qualified as satisfactory in
seven patients (28%, average point-to-mesh error: emean ¼ 1:07 �
0:36 mm; emax ¼ 1:66 mm), passable in nine patients
ð36%; emean ¼ 1:38 � 0:31 mm; emax ¼ 2:01 mmÞ and unsatisfac-
tory in nine patients ð36%; emean ¼ 1:91 � 0:77 mm; emax ¼
3:13 mmÞ.

The biomechanical model was able to capture MV closure in se-
ven patients with an accuracy equivalent to the image resolution.
The other cases confirmed that tissue properties required further
personalization, in particular in a population of patients where
leaflet properties and chordae tendineae configurations can vary
significantly among individuals. Large errors were often due to
non-optimal chordae rest length, as observed in patient one and
17 for instance (Fig. 17, black arrows). In these two cases, the AL
remained open, pulled down by tensed chordae. Although a com-
plete inverse problem analysis of our population is out of the scope
of this manuscript, we evaluated the ability of our model to cap-
ture valve closure for those two patients and for one case rated
as satisfactory (Patient 10) by manually adjusting chordae rest
length based on the full dynamic data. Chordae were grouped
per papillary and per type (marginal and basal), yielding four
groups. For each group, chordae rest length was multiplied by a
factor, which was determined by qualitatively minimizing the dif-
ferences between the simulation results and the models computed
from the images. The number of chordae and their stiffness were
fixed to their default values. Fig. 17 shows the results obtained be-
fore and after personalization for Patient one and 17. Fig. 18, top
row, shows the results for Patient 10. Point-to-mesh errors after
personalization are reported in Table 3. As it can be seen from
the figures, adjusting chordae rest length significantly improved
the accuracy of MV closure prediction. Further improvement could
be reached by adjusting all biomechanical parameters at once
through inverse problem methods (Powell, 2008).
3.2.3.3. Computation time. Simulation was performed in �0.3
frames per second on a desktop machine (Intel Xeon, 2.40 GHz
octo-core, 4 GB RAM), mono-core execution, which amounts to
�10 min. No particular optimizations were implemented. Simula-
tion profiling showed that about 75% of computational costs were
dedicated to collision handling. GPU-based collision methods
(Courtecuisse et al., 2011) can therefore significantly speed-up
the simulation. The entire process, from the 3D+t TEE images to
anatomical model verification to the forward simulation (no per-
sonalization), took about 14 min. Chordae rest length personaliza-
tion was achieved by running several forward simulations in
parallel (six simulations at a time). The full process took less than
one hour for the three cases reported in Table 3.



Fig. 17. Simulated MV closure in two patients compared to observed MV shape. Simulation with generic tissue parameters was not able to capture MV closure in these
patients. Too short chordae prevented the anterior leaflet to close (black arrow). Adjusting chordae rest length significantly improved the results.
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Fig. 18. The prediction power of the biomechanical model was evaluated by simulating MitralClip intervention on the preoperative anatomy of Patient 10 and comparing the
result with the real outcome. The result was qualitatively consistent with the true postoperative outcome.
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Table 3
Point-to-mesh distance between simulation
and ground truth after chordae rest length
adjustment in three cases. Values reported as
mean ± SD (95th-percentile). Personalizing
MV chordae rest length enabled us to better
capture MV closure than with standard rest
length (Table 2).

Patient Point-to-mesh error (mm)

01 1.27 ± 0.87 (2.96)
10 1.12 ± 1.10 (3.40)
17 1.50 ± 1.27 (4.25)
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3.3. Simulation of MitralClip

As it has been shown in the previous section, it is possible to
find a set of parameters that would enable one to simulate the
MV closure of a specific patient. Yet, the computational model
may still not be able to predict changes in MV physiology after
modifications of cardiovascular parameters or therapies. We tested
the ability of our framework to predict the outcome of MV inter-
vention based on preoperative data only. Intra-operative 3D+t
TEE images of the MV before, during and after MitralClip release
were available for Patient 10. We first improved the accuracy of
the simulated MV closure before clip release by slightly personal-
izing chordae rest length (10% higher than the distance between
papillary tips and leaflet free edges measured at end diastole) (Ta-
ble 3). We then simulated the MitralClip intervention on the pre-
clip anatomy as described in Section 2.4. The virtual intervention
was performed in real-time (2 frames per second). We finally ap-
plied the pressure profile on the ventricular surface and the preop-
erative boundary conditions to predict MV closure just after
release of the device. Biomechanical parameters were kept un-
changed. Fig. 18 illustrates each step of the experiment. The model
was able to simulate MV closure after the intervention with results
similar to what was observed in the post-clip images, suggesting
promising prediction power. One should remark that the difference
in mitral annulus shape between the simulated clipped valve and
the real outcome is due to the different boundary conditions. Here,
preoperative boundary conditions were applied to reproduce a
real-case scenario where therapy outcome is unknown.

4. Discussion and conclusions

4.1. Discussion

In this work, MV anatomy and boundary conditions were esti-
mated from 3D+t TEE images. Our approach can be easily applied
to other imaging modalities (Grbić et al., 2010). Although difficult
Fig. 19. Mitral valve compound curvature estimated
to visualize, papillaries could be detected by our framework as the
temporally-consistent detection algorithm was trained on annota-
tions carefully verified by clinicians (Ionasec et al., 2010). Nonethe-
less, to avoid bias in the evaluation of the simulations, we utilized
anatomical models that were verified and corrected by an expert
(M.H.) when required. However, that manual interaction, which
took about 1–2 min (Stiver et al., 2011), was not a limitation.

Recent in vivo studies highlighted the importance of AL shape in
MV closure (Stevanella et al., 2011a). No general trend in AL shape
could be observed in our population of patients, but the features
reported in (Stevanella et al., 2011a) could be identified in some
patients, in particular during systole (Fig. 19) (these patterns were
more difficult to distinguish during diastole). The AL was more
concave towards the atrium near the annulus, and more convex
close to the free edges in the septolateral direction. In the commis-
sure-commissure direction, the surface was rather convex towards
the atrium at the belly. Comprehensive analysis of that aspect and
its consequence on leaflet strain and stress distribution will be the
subject of a future study.

Our sensitivity analysis showed that the motion of the mitral
annulus and papillary tips significantly contributed to leaflet coap-
tation and systolic shape. The observed importance of boundary
conditions agrees with other published studies on that aspect, as
in (Stevanella et al., 2009). Estimating automatically these bound-
ary conditions from the images is therefore a key feature of our
framework. We also found that chordae rest length had more im-
pact on MV closure than chordae stiffness. Unfortunately, chordae
length cannot be measured from the images directly as they are
not visible. We thus approximated that parameter as the distance
between papillary tips and leaflet free edges at end diastole. This
strategy enabled us to simulate the observed MV coaptation in se-
ven cases. For those patients, the initial, open MV configuration
was already close to the closed configuration, and therefore the
influence of chordae rest length was less significant. Simulated
MV closure of valves widely open was more challenging. Co-rota-
tional elements being able to simulate large deformations accu-
rately, the issue was mainly related to chordae rest length, which
were under-estimated by our image-based algorithm, thus pre-
venting the leaflet to close. By increasing the rest length, we man-
aged to capture MV closure in three patients. Inverse problem
approaches based on the full MV dynamics can therefore provide
more accurate estimations of chordae rest length, although
in vivo validation would be challenging as chordae are not visible
in images.

In that work, the average point-to-mesh distance was used to
evaluate simulation accuracy. That metric is commonly used in
the literature, thus allowing performance comparison. Overall,
our systematic analysis on 25 cases yielded an accuracy of the
same order of magnitude as the one of the automatic detection.
from the images in Patient 1. See text for details.
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However, visual inspection was still necessary to assess if MV clo-
sure was correctly captured. More advanced metrics would thus be
necessary when designing cost functions for inverse problem
algorithms.

A necessary way to evaluate computational models is to assess
their ability to predict therapy outcome. This task is all the more
challenging as parameters may not be unique. We thus simulated
MitralClip intervention in one patient and compared, with success,
model prediction with the real outcome. The virtual intervention
was intuitive to perform, our system being fast enough for smooth
interactions. Since we were interested in simulating MV closure
just after clip release, we considered preoperative data only to mi-
mic a real scenario where postoperative data would not be avail-
able. Furthermore, our postoperative data were acquired when
the patient was still in the operating room, with catheters and
ultrasound probe still in-place, thus minimizing biases in the com-
parisons. We assumed non-significant tissue remodeling and kept
tissue properties unchanged, although the device may have altered
tissue integrity locally. Despite these assumptions, obtained results
were promising, encouraging further work towards FEM-based
therapy planning.

While linear tetrahedra can suffer from locking, and thus under-
estimate deformations, co-rotational tetrahedra have been de-
signed to cope with large deformations and rotations with good
accuracy, as quantified by benchmark tests (Nesme et al., 2005).
Visually, the dynamics of our simulations did not show locking
nor ghost torques, which appeared when using linear tetrahedra
(non-reported experiments). Co-rotational tetrahedra could there-
fore constitute an alternative to more conventional hexahedra, as
tetrahedra meshes are easier to build from complex patient-spe-
cific geometries. Quantitative comparisons between the two spa-
tial discretizations are planned for future work.

4.2. Limitations

In this study, MV leaflets were modeled as linear elastic mate-
rial, whereas biaxial studies showed a strongly non-linear constitu-
tive law (May-Newman and Yin, 1995). Co-rotational tetrahedra
were used to cope with large deformations but tissue linearity
may yield different tissue stress and strain distributions, which
can lead to differences in predicted leaflet position during systole
as tissue stretches under external forces. Our framework being
modular, computationally efficient methods for hyperelastic mate-
rials could be integrated without significant modifications (March-
esseau et al., 2010). Yet, recent studies based on inverse problem
suggested that leaflets may have linear behavior in vivo (Krishna-
murthy et al., 2008; Krishnamurthy et al., 2009), but with Young’s
moduli higher than those estimated ex vivo. Using linear elastic
models for in vivo simulations may thus be suitable. This study
was performed with standard ex vivo Young’s moduli to be consis-
tent with simulations reported in the literature. Preliminary exper-
iments based on homogeneous in vivo Young’s moduli, which were
extrapolated to human physiology as detailed in (Krishnamurthy
et al., 2008) and extrapolated to the PL, resulted in more accurate
AL billowing, as already observed in (Skallerud et al., 2011). How-
ever, the overall MV had more difficulty to close, in particular the
PL due to a stiffer commissure area. Spatially-varying Young’s
moduli may increase the accuracy of the simulation. Further inves-
tigations and experiments on patient-specific anatomies would be
necessary to include these new findings into our model.

We modeled leaflets as homogeneous tissues with standard
thickness for all patients. It has been shown that leaflets are made
up of three layers, with different material properties. Multi-layer
models (Prot and Skallerud, 2009) can be beneficial for pathology
understanding. However, they introduce additional parameters
that may be difficult to estimate from clinical data. Additionally,
pathologies can significantly disrupt local tissue properties and
leaflet morphology. Modeling these variations will be extremely
important to quantify MV biomechanics and predict therapies. Tis-
sue calcification could be quantified from CT imaging for instance,
or estimated indirectly from the MV dynamics using inverse prob-
lems. Leaflet thickness, which can have significant impact upon MV
dynamics, could be estimated from the images. This is possible in
CT but more challenging in ultrasound images, which are more
prone to noise and artifacts.

Tissue viscosity was neglected as we focused on MV closure
during one heart cycle only, as in (Prot et al., 2007; Votta et al.,
2008). Yet, published studies on livers reported larger deforma-
tions when viscosity is added to hyperelastic models (Marchesseau
et al., 2010). Numerical and experimental studies are therefore
needed to study the impact of viscosity on leaflet deformations.
On the other hand, Rayleigh damping was used in our work to mi-
mic the viscous medium in which the leaflet operates, although its
parameters are not physiological. One could use leaflet velocity to
estimate Rayleigh coefficients, although the same results could be
achieved by modifying blood pressure and chordae stiffness. More
detailed models that take into account blood flow dynamics and
fluid–structure interaction could thus be more appropriate, offer-
ing more control on the modeled system as more physically
grounded (Einstein et al., 2010).

A generic pressure profile was used for all simulations. The
choice of that profile was motivated by the fact that for all patients,
the first frame in which the MV was maximally closed showed an
already opened aortic valve. Since pressure traces were not avail-
able, we assumed the pressure being already larger than the aortic
pressure baseline (�80 mmHg). Yet, the pressure should be per-
sonalized as it can vary from patient to patient. Future experiments
will be carried out to adjust that parameter based on MV dynamics
and flow information.

Finally, only MV closure was considered in this study, to predict
residual regurgitation after therapy. Full cycle simulation may pro-
vide insights on the entire MV dynamics and tissue stresses for
long-term therapy prognosis. This aspect of MV function will be
investigated in future work.

4.3. Perspectives

Our framework opens new technical and clinical avenues. First,
the difference between in vivo and ex vivo leaflet behavior is now-
adays believed to be due to an active force that modifies tissue
stiffness throughout the cardiac cycle (Krishnamurthy et al.,
2009; Stevanella et al., 2011a; Swanson et al., 2011). That mecha-
nism further controls the systolic shape of the AL, which confers a
funnel shape on the left ventricle outflow tract and optimize flow
motion towards the aorta. Integrating an active component in
our biomechanical model will certainly provide further insights
into MV physiology (Skallerud et al., 2011). However, additional
parameters would be necessary to estimate, which may be chal-
lenging using standard clinical data. Furthermore, it is not clear
whether explicitly modeling the active force would improve the
predictive power of the model, compared to hyperelastic materials
or linear elastic models with a time varying stiffness. Numerical
studies with subject-specific geometries are necessary to assess
that question.

Model personalization is another challenge that needs to be ad-
dressed for patient-specific modeling. As demonstrated by the
experiments herein, patient-specific geometries and boundary
conditions are necessary but not sufficient to simulate MV closure.
Tissue properties and chordae anatomy need to be estimated. As
our framework is able to estimate dynamic MV models from
images, a next step of our study will be to use inverse problem
methods to estimate the tissue properties from MV dynamics. Esti-
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mating tissue parameters is challenging due to the large parameter
space and parameter ambiguity. That is why it is important to use
models with few parameters, which are physiologically meaningful
and have direct control on the simulation results. Chordae rest
length is an example of such a parameter, although its effect can
be confused with those of the pressure (which could be solved if
one has pressure traces for instance). Similar uniqueness issues
arise for leaflet tissue properties, in particular if active stiffening
is considered. A solution would be to add more data to constrain
the problem, such as dynamics images at different heart rates, flow
measurements, etc.

In this study we predicted leaflet closure after MitralClip based
on preoperative data. Yet, the intervention can modify heart func-
tion as regurgitations are treated. Ventricular systolic pressure
could have raised after mitral regurgitation repair as more blood
was ejected into the aorta (no data was available), eventually
resulting in changes of mitral annulus motion as the myocardium
compensates for the increased pressure to preserve ejection frac-
tion. A more detailed model coupling LV and MV (Wenk et al.,
2010) may increase prediction accuracy, at the price of additional
parameters to adjust. Similarly, it would be interesting to investi-
gate the effects of the device. For instance, tissue properties may
have been altered locally by the mechanical clipping. The device
may also locally modify fluid patterns, and therefore alter pressure
distribution. Numerical studies may provide insights on the effects
of the device.
4.4. Conclusions

Translating computational models of MV physiology to clinical
practice is a tremendous challenge. Thanks to the high degree of
automation, our system enables rapid and interactive simulations
of MV function. The user can therefore test therapies in silico and
assess their outcome. That level of integration will enable one to
evaluate the computational models of MV on larger populations,
a necessary step before deploying these methods in clinical set-
tings. Our system may thus constitute a first step towards clinical
application of MV computational model.

From a research point of view, the proposed framework paves
the way to quantitative and systematic evaluation of computa-
tional models of the MV. There is growing evidence that patient-
specific anatomical models are necessary to fully comprehend
MV physiology, in particular in the light of recent in vivo studies
(Krishnamurthy et al., 2008; Stevanella et al., 2011a). By providing
an integrated system for patient-specific modeling, our system
may be used as input to more comprehensive inverse problem
studies.

In conclusion, we have presented an integrated framework for
FEM modeling of MV closure in patients. The level of integration
reached by our framework enabled us (i) to perform a sensitivity
analysis of MV FEM on patient-specific geometry; (ii) to test the
generalization of a biomechanical model in terms of tissue proper-
ties in 25 patients, which, to the best of our knowledge, constitutes
the largest in vivo FEM study reported so far; and (iii) to simulate
and predict MitralClip intervention outcome in terms of valve clo-
sure in one patient. Our results suggest that FEM models may con-
stitute surrogate tools for mitral valve repair planning.
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