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a b s t r a c t 

Transesophageal echocardiography (TEE) is routinely used to provide important qualitative and quanti- 

tative information regarding mitral regurgitation. Contemporary planning of surgical mitral valve repair, 

however, still relies heavily upon subjective predictions based on experience and intuition. While patient- 

specific mitral valve modeling holds promise, its effectiveness is limited by assumptions that must be 

made about constitutive material properties. In this paper, we propose and develop a semi-automated 

framework that combines machine learning image analysis with geometrical and biomechanical models 

to build a patient-specific mitral valve representation that incorporates image-derived material proper- 

ties. We use our computational framework, along with 3D TEE images of the open and closed mitral 

valve, to estimate values for chordae rest lengths and leaflet material properties. These parameters are 

initialized using generic values and optimized to match the visualized deformation of mitral valve geom- 

etry between the open and closed states. Optimization is achieved by minimizing the summed Euclidean 

distances between the estimated and image-derived closed mitral valve geometry. The spatially varying 

material parameters of the mitral leaflets are estimated using an extended Kalman filter to take advan- 

tage of the temporal information available from TEE. This semi-automated and patient-specific modeling 

framework was tested on 15 TEE image acquisitions from 14 patients. Simulated mitral valve closures 

yielded average errors (measured by point-to-point Euclidean distances) of 1.86 ± 1.24 mm. The esti- 

mated material parameters suggest that the anterior leaflet is stiffer than the posterior leaflet and that 

these properties vary between individuals, consistent with experimental observations described in the 

literature. 

© 2016 Elsevier B.V. All rights reserved. 
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. Introduction 

.1. Motivation 

The mitral valve apparatus is a complex anatomical unit com-

osed of the mitral annulus, anterior and posterior valve leaflets,

nd chordae tendineae that tether the leaflets to papillary muscles

as shown in Fig. 1 ). While problems with either opening or closing

an cause symptoms, mitral regurgitation is much more prevalent
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han mitral stenosis, especially in developed countries ( Mann et al.,

014 ). Mitral regurgitation can be classified as either primary (with

natomic valvular pathology) or secondary (with functional abnor-

ality despite normal valve leaflets). The preferred intervention for

evere primary mitral regurgitation is valvular repair, when possi-

le, rather than replacement. Surgical mitral valve repair, however,

s a technically challenging operation that requires considerable ex-

ertise to achieve optimal outcomes ( Nishimura et al., 2016 ). The

rocedure typically involves leaflet resection and annuloplasty ring

lacement. Occasionally, there may be placement of edge-to-edge

eaflet sutures or artificial chords ( Glower, 2012 ). 

Noninvasive imaging of the mitral valve by transesophageal

chocardiography (TEE) is critical to treatment planning. TEE, espe-

http://dx.doi.org/10.1016/j.media.2016.09.006
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Fig. 1. Mitral valve apparatus represented by triangular meshes (left) and tetrahedron finite element meshes (right). The blue trajectories of the papillary tips on the right 

indicate the estimated motion of papillary tip from TEE images. 
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cially with three-dimensional imaging, allows definitive classifica-

tion of the mechanism of mitral regurgitation and allows surgeons

to estimate the likelihood of a successful repair. While patient-

specific anatomic and functional information can be visualized

with this approach, the prediction of outcomes is still primarily

based upon the surgeon’s experience and intuition. 

There has been growing interest in developing tools to allow

patient-specific modeling, both static and dynamic, of mitral valve

anatomy and function ( Sun et al., 2014; Kunzelman et al., 2007 ).

These models can generally be categorized as either geometrical

or biomechanical models. Geometrical models use semi-automated

or automated analysis of medical images to reconstruct the mitral

valve apparatus, track the motion of its components, and provide

quantitative measurements. While these parameters can be used

to evaluate mitral valve geometry and dynamics, they have lim-

ited ability to predict behavior after pathologic changes or inter-

ventions. Biomechanical models attempt to simulate mitral valve

dynamics by incorporating initial geometry, assumed constitutive

properties, and boundary conditions. Direct predictions can then

be made regarding postsurgical function. 

While increasingly sophisticated biomechanical models have

been developed, truly patient-specific mitral valve modeling has

not been fully realized yet. An important limitation involves the

inability to accurately estimate in vivo tissue properties. Typical

investigations of mitral valve material properties have been per-

formed on in vitro specimens from animals or humans whose char-

acteristics may or may not be similar to those of specific patients.

Such studies have, in fact, shown that aging, hypertension, and

myxomatous degeneration are all associated with altered mechan-

ical properties ( Pham and Sun, 2014; Stephens et al., 2009; Bar-

ber et al., 2001 ). It seems likely that the degree of myxomatous

degeneration (the most common cause of primary mitral regurgi-

tation) will also have an effect. A different approach is to obtain

invasive in vivo measurements in animals (e.g., from sonomicrom-

eters sutured to the leaflets ( Rausch et al., 2013 )), but these val-

ues will also have limited applicability to specific patients. Accord-

ingly, development of methods to estimate in vivo patient-specific

tissue properties through noninvasive imaging would be extremely

helpful towards allowing mitral valve modeling to become useful

in clinical practice ( Sun et al., 2014 ). 

The study presented here uses an approach combining image

analysis and biomechanics in order to perform patient-specific mi-

tral valve modeling. Three-dimensional TEE images are used in a

semi-automated personalization framework that estimates chordae

rest lengths and leaflet material parameters. In other words, the

biomechanical model is iteratively calibrated to image-based ob-

servations to find an optimized set of geometric and biomechani-

cal parameters describing the mitral valve dynamics for the patient

whose echocardiographic images are being analyzed. 

a  
.2. Aims of the study: patient-specific modeling of mitral valve 

The goal of the study is to develop streamlined framework to

uild patient-specific biomechanical models based on information

rom medical images. The study presented in this paper extends

ur previous work ( Kanik et al., 2013a; 2013b ) from three perspec-

ives: First, a comprehensive framework is described to personal-

ze biomechanical models based on medical images. This frame-

ork is not limited to a specific biomechanical model or im-

ge modality. Second, the chordae optimization algorithm is im-

roved with better computational efficiency. Third, the framework

s tested on a larger data set of 15 clinical examples. The rest of the

aper is organized as follows. The framework for patient-specific

odel is presented in Section 2 including the image analysis mod-

le, biomechanical model module and optimization module. The

ramework is evaluated on 15 examples to simulate mitral valve

losure and the simulation results are compared to the ground

ruth in Section 3 . Finally, the paper is concluded with discussions

n Sections 4 and 5 . 

. Methods 

An overview of the framework is shown in Fig. 2 . It starts from

D real time TEE images and applies an image processing algo-

ithms to estimate the geometry and dynamics of the mitral valve

 Section 2.1 ). The image analysis module outputs finite element

eshes of the mitral valve at open state ( g 0 ) and closed state

 g N ). The open valve mesh g 0 is fed into the biomechanical model

o generate a simulated closed valve geometry ˆ g N ( Section 2.2 ).

ˆ 
 N is then compared to the segmented g N to adjust the inter-

sted biomechanical parameter set p , which consists of chordae

est length set l and material property set m. l and m are opti-

ized separately in two steps: l is first optimized based on the

imulated valve morphology ( Section 2.3.2 ), and m is optimized

sing an extended kalman filter (EKF) framework ( Section 2.3.3 ).

fter iterations, the algorithm outputs an estimated parameter ˆ p

hen 

ˆ g N is close enough to g N . We review each of the modules in

he following sub-sections. 

.1. Image analysis module 

Various algorithms on mitral valve apparatus delineation and

racking have been proposed by different groups ( Veronesi et al.,

009; Schievano et al., 2007; Burlina et al., 2010; Schneider et al.,

012; Zhou et al., 2012 ). The method of choice in this paper is

 machine learning based algorithm proposed by Ionasec (2010) .

ompared to other works, it has several advantages: i) It is a

omprehensive and anatomically driven model with well-defined

nd distinguishable anatomical landmarks. The landmark position
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Fig. 2. Overview of the framework to build patient-specific model. p 0 is an initialization of the parameter for the biomechanical model. The final output ˆ p = [ ̂ l , ˆ m ] represents 

the personalized parameters for each patient. 
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an be adjusted by an expert to ensure accurate and reliable re-

ults. The average computational time for auto-detection is around

 min, while the time for manual adjustment will vary, depend-

ng on the performance of the previous step and frame number. ii)

he model provides inter- and intra- patient point correspondence

hrough motion tracking. The point correspondence streamlines

urther comparison and evaluation. iii) The model was tested on

516 TEE volumes with results demonstrating accuracy of 1.45 mm

ith respect to expert defined ground-truth. 

In this module, the mitral valve structure (either open or

losed) is segmented in three steps: i) global location and rigid

otion estimation, ii) non-rigid landmark motion localization and

stimation, iii) the comprehensive valve deformation estimation. 

i) Global location and rigid motion estimation : The

igid valve motion at time t is parameterized as θ (t) =
 (c x , c y , c z ) , ( � αx , � αy , � αz ) , (s x , s y , s z ) , t} , where ( c x , c y , c z ),

( � αx , � αy , � αz ) , ( s x , s y , s z ) are the position, orientation and scale

arameters, which define a bounding box around the valve. The

roblem is expressed as 

r g max 
θ

p ( θ | I ) = ar g max 
θ

p ( θ ( 0 ) , · · · , θ ( n − 1 ) | I ( 0 ) , · · · I ( n − 1 )

(1) 

e utilize a marginal space learning (MSL) ( Zheng et al., 2008 )

ramework to re-formulate the probability at time t as 

p ( θ ( t ) | I ( t ) ) = p ( c x , c y , c z | I ( t ) ) 
p ( � αx , � αy , � αz | c x , c y , c z , I ( t ) ) 
p ( s x , s y , s z | � αx , � αy , � αz , c x , c y , c z , I ( t ) ) 

(2) 

hich is maximized by using trained detectors at each marginal

pace. Random sample consensus (RANSEC)( Fischler and

olles, 1981 ) estimators are employed to obtain a temporal

onsistent θ after estimating parameter candidates θ ( t ) at each

ime step t .ii) Non-rigid landmark motion estimation : 9 anatomical

andmarks are defined including: a) 7 for the mitral leaflets: left

nd right trigone, the posteroannular midpoint, anterior and poste-

ior commissures, anterior and posterior tip, and b) 2 for papillary

uscle: anterior and posterior papillary tips. The objective is to

nd each landmark j and its trajectory 
−→ 

a j given I and θ

rg max −→ 

a j 
p 

(−→ 

a j | I, θ
)

(3) 
he problem can be more efficiently solved in discrete Fourier

ransform (DFT) spectrum space as 

rg max −→ 

s j 
p 

(−→ 

s j | I, θ
)

(4) 

here 
−→ 

s j ’s are DFT coefficients of 
−→ 

a j ’s. The spectrum space is

arginalized using the same MSL framework. The probability

s maximized by applying detectors for each subspace that are

rained with local-spatio-temporal features.iii) Comprehensive valve 

eformation estimation : The full mitral valve apparatus geometry g

s represented using triangular meshes expanded from landmark

rajectories 
−→ 

a j ’s. The surfaces in end-diastolic (ED) and end-systolic

ES) are first constructed using thin plate spline and refined by

oundary detector and principle component analysis. The detectors

re trained using a probabilistic boosting tree (PBT)( Tu, 2005 ) on

ultiscale steerable features ( Yang et al., 2008 ). Non-rigid defor-

ation is then propagated to the remaining frames using a learned

rior. The valve geometry g of the whole sequence is refined by

ncorporating information from optical flow tracking and boundary

etection tracker. 

For more details about the image analysis module, we recom-

end readers refer to the paper from Ionasec (2010) . 

.2. Biomechanical module 

The open valve geometry mesh generated from the previ-

us image analysis module is fed into the biomechanical mod-

le to simulate the closed valve geometry. There is a variety

f valve biomechanical models available developed by different

roups ( Hammer et al., 2012; Wang and Sun, 2013; Stevanella

t al., 2011; Votta et al., 2013; Sprouse et al., 2013; Einstein et al.,

010; Watton et al., 2008 ). In this paper we adopt a finite element

odel proposed by Mansi et al. (2012) for the following reasons:

) The model is well integrated with patient-specific anatomies and

oundary conditions. ii) The model simulates the mitral valve clo-

ure in an automatic and fast manner (average 12 min per simula-

ion). The automation helps streamline the process. The fast com-

uting power takes the patient-specific model one step closer into

he application of therapy planning. iii) The model demonstrates

easonable overall prediction power. The valve closure simulation

as been tested on 25 cases. A case of mitral valve repair predic-

ion is presented in Mansi’s paper, which describes a comparison

f the simulated valve function to the clinical observation ( Fig. 3 ).
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Fig. 3. Simulated MitralClip intervention on the preoperative anatomy of one patient and comparing the result with the real outcome. ( Mansi et al., 2012; use by permission ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Elastic parameters of mitral leaflets and chordae. A 0 is the area of cross 

section of the chordae and ε is the chordae strain. 

Leaflets ( Schievano et al., 2009 ) 

Anterior leaflet Young’s modulus E f = 6 . 233 MPa, E f⊥ = 2 . 350 MPa 

Anterior leaflet Shear modulus G f⊥ = 1 . 369 MPa 

Posterior leaflet Young’s modulus E f = 2 . 087 MPa, E f⊥ = 1 . 887 MPa 

Posterior leaflet Shear modulus G f⊥ = 0 . 694 MPa 

Marginal Chordae ( Kunzelman and Cochran, 1990 ) 

Young’s modulus E = 

{
312 g/mm 

2 , ε < 2 . 5% 

3406 g/mm 

2 , ε ≥ 2 . 5% 

Cross section A 0 = 0 . 40 mm 

2 

Basal Chordae ( Kunzelman and Cochran, 1990 ) 

Young’s modulus E = 

{
66 g/mm 

2 , ε < 2 . 5% 

2120 g/mm 

2 , ε ≥ 2 . 5% 

Cross section A 0 = 2 . 05 mm 

2 

i  

S  
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M  
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t  

s  

s  

t  

α  

t  
iv) The model is also fully capable of handling the finite deforma-

tion range of values inherent to this problem. 

In this model, the leaflets are discretized into tetrahedron finite

elements. 28 marginal chordae are attached between papillary tip

and leaflet edges and 8 basal chordae are attached between papil-

lary tips and leaflet belly. The insertion points of the chordae are

identical for all patients leveraging the point correspondence of the

model. The mitral leaflets are assumed to be composed of collagen

fibers which are mainly parallel to the annulus in the circumfer-

ential direction with those close to the commissures gradually ro-

tating to be perpendicular to the annulus in the radial direction

for the anterior leaflet. The fiber direction is modeled in the same

way as Prot et al. did ( Prot et al., 2009; Prot and Skallerud, 2009 )

which has also been reported in experimental observations ( May-

Newman and Yin, 1995 ). 

Mitral leaflets are modeled as linear, transversely isotropic and

nearly incompressible materials since it is considered to be close

approximation in a few biomechanical models ( Hammer et al.,

20 08; Krishnamurthy et al., 20 09; Schievano et al., 20 09; Votta

et al., 2013 ). Some recent in-vivo animal studies suggest that the

mitral valve tends to exhibit linear behavior in the physiological

range ( Krishnamurthy et al., 20 08; 20 09 ). A study from Comas

et al. suggests that co-rotational FEM is able to capture tissue de-

formation ( Comas et al., 2008 ). Despite the linear discretization of

the Lagrangian strain, the co-rotational framework controls the ar-

tificial dilation during rotation. Five elastic parameters are needed

to describe such materials. In order to represent the leaflet incom-

pressibility and also to ensure system stability, Poisson’s ratio for

both the symmetry plane and its normal direction are set to 0.488

( Mansi et al., 2012 ). The remaining three elastic parameters in-

clude Young’s modulus in the fiber direction, Young’s modulus and

shear modulus in the cross fiber direction, denoted as E f , E f ⊥ and

G f ⊥ respectively in this paper. The Young’s modulus correspond-

t  
ng to the tangent elastic modulus measured at large strains by

chievano et al. (2009) are used as shown in Table 1 . The chor-

ae are modeled as piece-wise tensile springs and Young’s modu-

us at different strain estimated experimentally by Kunzelman and

ochran (1990) are used as shown in Table 1 . 

The mitral valve closure is simulated by solving the system dy-

amics equation: 

 ̈U + C ˙ U + KU = F c + F p (5)

here U is the displacement vector of the vertices of the mi-

ral valve mesh. ˙ U and Ü are the velocity and acceleration re-

pectively. M is the diagonal mass matrix (a uniform mass den-

ity ρ = 1 . 04 g/ml is used). K is the stiffness matrix and a func-

ion of material parameters. C is the Raleigh damping matrix ( C =
M 

M + αK K, αM 

= 0 . 1 s −1 , αK = 0 . 1 s ) which models the viscosity of

he system and controls the stability of the system. F c and F p are

he forces developed by the chordae and heart pressure respec-
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ively. The heart pressure is modeled by a generic pressure profile

hat increases from 0 mmHg to 120 mmHg. The force induced by

ach chordae f c is related to the chordae rest length and F c is the

um of all f c . The motions of the papillary tips and the mitral an-

ulus estimated from TEE images are prescribed as boundary con-

itions. 

For geometry ˆ g i at time i , after displacement vector U i at that

ime frame is solved, the valve geometry in the next frame is esti-

ated by 

ˆ 
 i +1 = 

ˆ g i + U i (6) 

here U i is a function of a series of biomechanical parameters p .

verall, the close valve geometry ˆ g N can be represented as a func-

ion of g 0 and p , ˆ g N = h (g 0 , p ) , where h is the biomechanical mod-

le. 

.3. Optimization algorithm 

.3.1. Overview 

The set of parameters that requires personalization is denoted

s p = [ l , m ] , where l is the vector of chordae rest length and

 is vector of the material parameters. There are 28 marginal

hordae attached to the edge of the leaflets and 8 basal chor-

ae attached to the belly of the leaflets, so there are 36 param-

ters in the vector l , l = [ l 1 , l 2 , . . . l 36 ] . The leaflet tissues are ap-

roximated as transversely isotropic elastic material so three free

aterial parameters are used to describe the tissue property for

ach element including Young’s modulus along the fiber E f , Young’s

odulus across the fiber E f ⊥ and shear modulus G . Poisson’s ra-

io are fixed as ν = 0 . 488 since the leaflet tissue are assumed to

e nearly incompressible. The number of parameters in vector m

 m = 

[
m 

1 , m 

2 , . . . , m 

N 
]
) is dependent on the number of the re-

ions where material parameters vary and the inter-dependent re-

ationship of the three specific material parameters ( E f , E f ⊥ and

 ). We start from a simple assumption and a strong constraint on

he parameters to ensure the estimation results can be interpreted

ith physiological meaning. It is assumed that material parame-

ers are different for the anterior and posterior leaflet, but are ho-

ogeneous on each respective leaflet. In addition, the ratio of the

oung modulus along and across the fiber ( r = E f /E f⊥ ) is fixed and

he shear modulus is approximated by G ≈ E f / ( 2 ( ( 1 + ν) ) ) . Under

hose assumptions and constraints, two material parameters are

stimated 

(
m = 

[
m 

1 , m 

2 
]

= 

[ 
E Anterior 

f 
, E Posterior 

f 

] )
and another four 

arameters (E Anterior 
f⊥ , E Posterior 

f⊥ , G 

Anterior , G 

Posterior ) are derived from

hese two. The set of parameters to be personalized can be writ-

en as 

 = 

[
l 1 , l 2 , . . . l 36 , m 

1 , m 

2 
]

(7) 

The goal of personalizing the parameters is to simulate the mi-

ral valve closure as closely as possible to image based observa-

ions. The personalization problem can be formulated as an opti-

ization procedure where the objective function is the sum of the

ifferences of the Euclidean point-to-point distances of the biome-

hanical model derived and image estimated mitral valve closure.

he objective function is minimized with respect to p to estimate

he patient-specific parameters as follows: 

ˆ 
 = arg min 

p 
f (p ) = arg min 

p 
‖ 

g n − h (g 0 , p ) ‖ 

(8) 

here g 0 and g n is the geometry of the mitral leaflets represented

y the location of the vertices at the open and closed state, h ( · )

s the observation function derived from the biomechanical model

oading (related to the chordae rest length in p ), the geometry at

he open state ( g 0 ), tissue property (related to the material param-

ters in p ), boundary condition, and dynamic equilibrium function

 Eq. (5) ). 
A two-step optimization algorithm is developed to solve the

ptimization problem. It is shown in the sensitivity analysis that

hordae rest length has greater influence quantitatively on simula-

ion results than the material parameters. Therefore, chordae rest

ength is optimized in the first step to reduce the cost function as

uch as possible. Material parameters are then estimated in the

econd step given a reasonable simulation with personalized chor-

ae rest length using the Extended Kalman Filter (EKF). Such two-

tep procedure mimics the coarse-to-fine framework to improve

he optimization efficiency. The details of each step are described

n Section 2.3.2 and 2.3.3 . 

.3.2. Chordae rest length optimization 

There are 36 parameters in the chordae rest length so it is

omputationally expensive to use exhaustive search algorithms.

radient-based algorithms are not optimal since the parameters

re not independent thus first order Taylor expansions are not suf-

cient to approximate the function and the gradient can only be

alculated using finite different method. Powell’s conjugate direc-

ion method ( Powell, 1964 ) is not easily adoptable here since nor-

al search vectors cannot be easily defined. Therefore we propose

 morphology-guided search-based algorithm to optimize the chor-

ae rest length in three steps. 

First, the optimal starting values are searched from a set of val-

es as shown in Table 2 . Note that contrary to our intuitive under-

tanding, measured Euclidean distance from papillary tip to chor-

ae insertion points (both open and closed) may not always be a

ood initialization since the chordae may be folded or extended.

he chordae rest length resulting in the smallest cost function is

et to be the initial value. 

Second, the chordae are adjusted by four groups according to

heir morphology: those attached to the i) anterior leaflet and an-

erior papillary tip, ii) the anterior leaflet and posterior papillary

ip, iii) the posterior leaflet and posterior papillary tip, iv) the pos-

erior leaflet and anterior papillary tip. Previous work ( Kanik et al.,

013a ) shows that greatest reduction in cost function happens

hen the chordae rest lengths are adjusted by group. During this

tep, only chordae groups with large discrepancy between inser-

ion points and ground truth are adjusted (e.g. ≥ 3 mm). 

Finally, in the fine tuning step, the chordae rest length is ad-

usted in each basal chordae (rather than by groups as in the pre-

ious step). If the surface of the simulated closed leaflets is above

he ground truth, basal chordae are shortened. If the surface is be-

ow the ground truth, basal chordae are lengthened. 

.3.3. Material parameter optimization 

The chordae rest length optimization brings the simulation re-

ult closer to the ground truth. Extended Kalman Filter (EKF)

 Einicke and White, 1999 ) is used to inversely identify the mate-

ial parameters for the mitral leaflets and further personalize the

iomechanical model. EKF provides a basic stable sequential least

quare solution and has been shown to be effective for material

arameter estimation of the left ventricle by Liu and Shi (2007) ;

009 ). EKF has also been used for cardiac biomechanics estima-

ion, which exhibits non-linear behavior ( Marchesseau et al., 2015;

ong et al., 2011 ). 

The mitral valve dynamics can be transformed into a state-

pace representation of a discrete-time nonlinear stochastic system

ncluding a process function and observation function. The process

unction f ( · ) states the assumption that material parameters stay

onstant during mitral valve closure ( m k = f 
(
m k −1 

)
= m k −1 ). The

bservation function h ( · ) states that the biomechanical model de-

ives mitral valve closure with the aim to match the observation

rom TEE images. The state-space representation is as follows: 

 k = f ( m k −1 ) + w k −1 (9) 
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Table 2 

Chordae rest length optimization initial values. 

marginal chordae basal chordae 

1 25 mm 30 mm 

2 25 mm 25 mm 

3 30 mm 30 mm 

4 Euclidean distance from papillary tip to chordae insertion point at end diastole 

5 Euclidean distance from papillary tip to chordae insertion point at early systole 
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g k = h ( m k ) + v k (10)

where k is the time point ( k = 1 is the end diastole, k = 2 is the

early systole under the current assumptions), m k = [ m 

1 
k 
, m 

2 
k 
] is the

state vector namely the material parameters at the kth observa-

tion, g k = [ g 1 
k 
, g 2 

k 
, . . . , g ele 

k 
] = [ x 1 

k 
, y 1 

k 
, z 1 

k 
, x 2 

k 
, y 2 

k 
, z 2 

k 
, . . . , x ele 

k 
, y ele 

k 
, z ele 

k 
] is

the observation vector namely the vertices representing mitral

leaflets ( ele is the number of the vertices, ele = 3248 in the pa-

per), w k −1 and v k are the state and process noises respectively and

assumed to follow Gaussian distributions with zero mean and co-

variance matrix Q k and R k . 

The Extended Kalman Filter solves the optimization problem in

three steps: i) The material parameters and the covariance ma-

trix at t = 1 are initialized with prior knowledge of the state with

mean 

ˆ m 1 and covariance matrix � of a Gaussian distribution. The

mean is the generic material parameters derived from ex-vivo an-

imal experiment and the same as Table 1 . ii) Material parame-

ters and its covariance matrix at the next time point are predicted

based on process function (time update). iii) The prediction is cor-

rected based on the observation function and measurements at

the current time point (measurement update). The time update

and measurement update continues until the last time point. The

mathematical operation is described as follows: 

Initialization: 

m 1 = 

ˆ m 1 , P 1 = � (11)

Prediction: 

m 

f 

k 
≈ f 

(
m 

a 
k −1 

)
= m 

a 
k −1 

P 

f 

k 
= J f 

(
m 

a 
k −1 

)
P k −1 J 

T 
f 

(
m 

a 
k −1 

)
+ Q k −1 

(12)

Correction: 

m 

a 
k 

≈ m 

f 

k 
+ K k ( g k − h ( m k ) ) 

K k = P 

f 

k 
J T 
h 

(
m 

f 

k 

)(
J h 
(
m 

f 

k 

)
P 

f 

k 
J T 
h 

(
m 

f 

k 

)
+ R k 

)−1 

P k = 

(
I − K k J h 

(
m 

f 

k 

))
P 

f 

k 

(13)

where J f and J h are the Jacobian of f (.) and h (.), and K k is the

Kalman gain. The Jacobian of h (.) is defined as 

J h ( m ) = 

⎡ 

⎢ ⎣ 

∂h 1 
∂m 1 

∂h 1 
∂m 2 

· · · ∂h 1 
∂m J 

. . . 
. . . 

. . . 
∂h n 
∂m 1 

∂h n 
∂m 2 

· · · ∂h n 
∂m J 

⎤ 

⎥ ⎦ 

(14)

where h ( m ) = [ h 1 ( m ) , h 2 ( m ) , · · · , h n ( m ) ] , m = 

[
m 1 , · · · , m J 

]
. The

Jacobian of f (.) is an identity matrix I under the assumption of

constant material parameters through cardiac cycle. The Jacobian

of h (.) is calculated by the finite difference method as follows 

∂h ( m ) 

∂m j 

= 

h ( m + � m ) − h ( m ) 

� m j 

� m = 

[
0 , · · · , � m j , · · · , 0 

]
(15)

An iterated EKF is used to solve this problem since there are

only two time points involved in the estimation. The EKF iteration

process is re-initialized with m 1 = m N , P 1 = P N after each iteration

until convergence or maximum iteration times. 
. Experiments and results 

.1. Data set and experiments 

The performance of the personalization of the mitral valve

iomechanical model is evaluated on 15 3D Real-Time TEE images

rom 14 patients. The images were randomly collected on patients

iagnosed of various heart diseases including mitral valve diseases,

ortic valve diseases, and myocardium infarction. The 3-D TEE ac-

uisition used an iE33 Philips console with an X7-2t TEE probe

ith image resolution 0.75–1.58 mm. The average total number of

rames is 16 and the mitral valve closure can be seen in two to five

rames. 

The dynamics of the mitral valve apparatus, including mi-

ral annulus, anterior and posterior leaflets, and papillary tips,

ere first estimated by the image analysis algorithm described in

ection 2.1 . The results were then inspected by the users and mod-

fications were made if necessary. A few criteria were used to en-

ure the accuracy of the image analysis results. First, the position

f the key landmarks of the leaflets including the tips, commis-

ures, trigones and the posteroannular midpoint were examined.

econd, the area of anterior leaflet was larger than posterior leaflet

or patients with normal mitral valve morphology. Third, the area

f anterior and posterior leaflet did not change much from end di-

stole to early systole since the leaflet tissues are incompressible.

ourth, the location of the papillary tips were verified using both

patial and temporal information. Accurate image analysis results

re essential for successful patient-specific biomechanical model-

ng since the image analysis results served as input for biomechan-

cal model simulation and personalization. 

.2. Parameter estimation performance 

.2.1. Overview 

In order to demonstrate how well the algorithm calibrates the

iomechanical model for individual patients, the point-to-point Eu-

lidean distances are calculated before and after the optimiza-

ion on 15 examples for quantitative evaluation. As mentioned in

ection 2.1 , the point correspondence of the mitral leaflets at the

pen and closed configuration are established in the image analy-

is module. The mean and standard deviation of the Euclidean dis-

ances between all the corresponding points representing the mi-

ral leaflets are presented in Table 3 . 

A two-sample t-test is performed to determine if the personal-

zation algorithm has significantly improved the results of the sim-

lation. The Euclidean distances before and after the personaliza-

ion are the two sample data. The null hypothesis is that the errors

epresented by the distances before and after are with equal means

nd equal but unknown variances. The null hypothesis is rejected

ith p-value of 0.0012. The t-test proves that the personalization

lgorithm helps generate significantly different simulation results

ompared to before the algorithm is used. Since the distances are

maller after the personalization, the algorithm improves the sim-

lation results by tuning related parameters. Among the 15 exam-

les, 7 of them have average error reduced by more than 1 mm. 
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Table 3 

The results of simulated mitral valve closure in the form of mean ±
std in mm point-to-point Euclidean distances from the simulated mi- 

tral leaflet at the closed state and the ground truth. In the ’No opti- 

mization’ column, marginal chordae rest length of 25 mm, basal chor- 

dae rest length of 30 mm and material parameters from Table 1 are 

used. In the ’Optimization I’ column, chordae rest length are optimized 

for each patient and material parameters from Table 1 are used. In the 

’Optimization II’ column, optimized chordae rest length and material 

parameters are used. 

Patient ID No optimization Optimization I Optimization II 

P1 3.17 ± 1.98 2.59 ± 1.59 2.52 ± 1.33 

P2 2.92 ± 2.00 2.88 ± 2.12 2.55 ± 1.76 

P3 2.23 ± 1.52 2.14 ± 1.44 2.03 ± 1.32 

P4 1.78 ± 1.28 1.72 ± 1.20 1.72 ± 1.20 

P5 3.39 ± 2.24 1.86 ± 1.21 1.83 ± 1.16 

P6 1.77 ± 0.94 1.44 ± 0.93 1.41 ± 0.93 

P7 2.79 ± 1.64 1.82 ± 1.20 1.82 ± 1.18 

P8 6.42 ± 3.78 2.00 ± 1.27 1.92 ± 1.21 

P9 2.87 ± 1.82 1.48 ± 1.04 1.48 ± 1.01 

P10_1 4.53 ± 3.00 2.60 ± 1.75 2.50 ± 1.63 

P10_2 3.34 ± 2.39 2.20 ± 1.63 2.12 ± 1.56 

P11 2.30 ± 1.72 1.58 ± 1.07 1.58 ± 1.07 

P12 1.83 ± 0.97 1.23 ± 0.75 1.16 ± 0.68 

P13 2.99 ± 2.15 1.68 ± 1.16 1.62 ± 1.14 

P14 5.73 ± 3.98 1.62 ± 1.35 1.61 ± 1.34 
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Using 25 mm and 30 mm as the marginal and basal chordae

est length and material parameters from Table 2 , the average error

or all examples is 3.20 ± 2.09 mm. The chordae rest length opti-

ization reduced the error to 1.92 ± 1.31 mm (38.5%). The mate-

ial parameter optimization reduces the average point-to-point dis-

ances from 1.92 ± 1.31 mm to 1.86 ± 1.24 mm (1.4%). The chordae

est length has a greater effect on the simulation results than the

aterial parameters. The effect of both sets of parameters are an-

lyzed independently in Sections 3.2.2 and 3.2.3 . 

.2.2. Effect of chordae rest length optimization 

Material parameters are fixed in Table 2 during chordae rest

ength optimization. Given the input of the mitral valve dynamics

stimated from the TEE images, the algorithm builds the biome-

hanical model using 25 mm and 30 mm for the rest length of

arginal and basal chordae respectively. The algorithm then op-

imizes the chordae rest length following three steps including

earching for optimal starting value, morphology-guided group ad-

ustment, and fine tuning on basal chordae. After the chordae rest

ength optimization, the output is the personalized chordae rest

ength and improved mitral valve closure from simulation. 

The estimated average marginal and basal chordae rest length

s 25.19 ± 3.56 mm and 27.16 ± 3.96 mm respectively. The average

imulation error is reduced to 1.92 ± 1.31 mm which is compara-

le to the resolution of the TEE images ( 1 − 2 mm). The average

umber of iterations are 31 and the time each iteration takes de-

ends on the number of frames from the open state to the closed

tate (Average number of frames is 3). Since the pressure loading

s normalized, one frame takes about 3.33 min and one simulation

akes about 10 min on average. 

The biggest improvement of the simulation resulting from chor-

ae rest length adjustment happens in the first step of setting the

ptimal starting value. The average simulation error are reduced

rom 3.20 ± 2.09 mm to 2 . 03 ± 1 . 33 mm. In the cases with large

imulation error, the generic chordae rest length does not lead to

uccessful simulation but the optimized starting value bring the

verage simulation error to 2 mm which is comparable to the im-

ge resolution. The qualitative effect of the chordae rest length is

emonstrated using three examples. In each example, the ground

ruth, which is the mitral valve in open and closed configuration

stimated from TEE images, is displayed in top and side view.
he simulation error (Euclidean distances) at each vertices are dis-

layed in the form of colored distance map. 

3 examples are given ( Fig. 4 ) to demonstrate the performance

f chordae rest length optimization. In Fig. 4 (i), the chordae

est length optimization brings the average simulation error from

 . 17 ± 1 . 98 mm to 2.59 ± 1.59 mm. The mismatch is especially

evere in the posterior leaflet (yellow and red region) before the

ptimization. The rest length adjustment brings the posterior on

he left side up, the posterior on the right side down, and re-

uces the large distance area (red region) thus reducing the large

egurgitation hole. In Fig. 4 (ii), the chordae rest length optimiza-

ion brings the average simulation error from 2.79 ± 1.64 mm to

.82 ± 1.20 mm. The chordae rest length adjustment brings the

itral leaflet in the simulated mitral valve closure to a similar

urface as the ground truth. The red and yellow region (indicat-

ng large distances) in both the anterior and posterior leaflet are

ostly replaced by blue and green (indicating smaller distances).

n Fig. 4 (iii), the chordae rest length optimization brings the aver-

ge Euclidean distances from 1.83 ± 0.97 mm to 1.23 ± 0.75 mm.

he chordae rest length adjustment turns a large area of the yel-

ow and green region into blue and closes the regurgitation hole

lightly. 

It is also worth noting that the results from image analysis con-

trains the capability of the biomechanical models. The details of

he morphological features from the open state will be carried in

he simulation results since leaflets are assumed to be incompress-

ble tissue and the smooth deformation is used to avoid collision.

n Fig. 4 (i), the anterior leaflet is larger than in the open configura-

ion than closed configuration and it is obvious from the side view.

here is an ’extra’ anterior leaflet in the simulated mitral valve clo-

ure which can only be fixed by more accurate image analysis re-

ults. In Fig. 4 (ii), the only area with high errors (shown in red)

s the bowl shape in the posterior leaflet is caused by a similar

hape in the open configuration (from image analysis) where the

itral valve closure starts. In the Fig. 4 (iii), the anterior and pos-

erior leaflet may be nicely coapted if there were a little more an-

erior and posterior tissue at the regurgitation site from the open

onfiguration. 

.2.3. Effect of material parameters optimization 

After the chordae rest length optimization, the personalized

hordae rest length is used in the biomechanical model dur-

ng material parameter identification. The algorithm starts with a

lightly different set of material parameters ( E Anterior 
f⊥ = 2 . 351 MPa,

 

Posterior 
f⊥ = 1 . 887 MPa, G 

Anterior = 2 . 094 MPa, G 

Posterior = 0 . 701 MPa,

ovariance matrix 0.01 I ) compared to the ones in Table 1 used

uring chordae rest length optimization because of the fixed re-

ationship among the material parameters. The covariance matrix

or the process and observation are set to be Q k = 0 . 01 I and R k =
 . 001 I to allow for wider search space in the extended Kalman fil-

er. The iterated process stops when the optimization converges or

aximum number of iteration is reached. 

The material parameter optimization reduces the average point-

o-point distances from 1.92 ± 1.31 mm to 1 . 86 ± 1 . 24 mm (1.4%)

hich is much smaller compared to the chordae rest length

ptimization. The average number of iterations is 14 and each

teration takes about 10 min . During each iteration, the most

ime-consuming parts include the biomechanical model simula-

ion (three simulations running in parallel and each takes about

0 min) and the inversion of the matrix when calculating the

alman gain (0.5 min). The estimated material parameters are

hown in Table 4 . It can be seen that the anterior leaflet is stiffer

with larger value of Young’s modulus) than the posterior leaflet

n all patients. Material parameters also vary among different pa-

ients. In the two examples from the same patient (P10_1 and
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Fig. 4. Demonstration of chordae rest length optimization. Mitral leaflet extracted from the TEE images at the end diastole: (a)(e), at the early systole:(b)(f). Colored Euclidean 

distances between simulated and observed mitral valve closure with general : (c)(g), and adjusted: (d)(h) chordae rest length. Top view:(a)(b)(c)(d), Side view: (e)(f)(g)(h) of 

the mitral leaflet.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 4 

Estimated material parameters. 

E Anterior 
f 

E Anterior 
f⊥ G Anterior E Posterior 

f 
E Posterior 

f⊥ G Posterior 

P1 5 .49 2 .07 1 .84 0 .55 0 .49 0 .18 

P2 10 .75 4 .05 3 .61 0 .58 0 .52 0 .19 

P3 5 .47 2 .06 1 .84 1 .27 1 .15 0 .43 

P4 5 .32 2 .01 1 .79 2 .30 2 .08 0 .77 

P5 4 .74 1 .79 1 .59 2 .66 2 .41 0 .89 

P6 4 .25 1 .60 1 .43 2 .08 1 .88 0 .70 

P7 5 .32 2 .01 1 .79 1 .76 1 .59 0 .59 

P8 6 .57 2 .48 2 .21 0 .94 0 .85 0 .31 

P9 4 .34 1 .64 1 .46 2 .30 2 .08 0 .77 

P10_1 3 .39 1 .28 1 .14 1 .94 1 .76 0 .65 

P10_2 4 .99 1 .88 1 .68 1 .18 1 .06 0 .39 

P11 5 .60 2 .11 1 .88 2 .01 1 .81 0 .67 

P12 3 .71 1 .40 1 .24 3 .58 3 .23 1 .20 

P13 6 .64 2 .50 2 .23 1 .69 1 .53 0 .57 

P14 5 .00 1 .88 1 .83 1 .79 1 .62 0 .60 
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10_2), for which a patient-specific model is built based on the

EE images from two scans of the same patient, Young’s modulus

s smaller than the generic value for both the anterior and poste-

ior leaflets. These results suggest that our algorithm can provide

ualitative indications although it cannot ensure absolute quanti-

ative accuracy. 

The qualitative effects on the simulation results are demon-

trated in two examples 5 . In Fig. 5 (i), material parameters op-

imization brings the average Euclidean distances from 2.59 ±
.59 mm to 2.52 ± 1.33 mm. It also helps to close the regurgitation

ole so that the simulation matches the observation with clinical

elevance. In Fig. 5 (ii), material parameters optimization greatly re-

uced the regurgitation hole and brings the average Euclidean dis-

ances from 2.88 ± 2.12 mm to 2.55 ± 1.76 mm. The estimation

esults indicate that the anterior leaflet is stiffer while the poste-

ior leaflet is less stiff than the generic value. The simulation re-

ults are still not satisfactory for this patient because of the still

arge regurgitation hole. The unsatisfactory results partially orig-
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Fig. 5. Effect of material parameters on mitral valve closure simulation. Mitral leaflet extracted from the TEE images at the end diastole: (a)(e), at the early systole:(b)(f). 

Colored Euclidean distances between simulated and observed mitral valve closure with general : (c)(g), and estimated: (d)(h) material parameters. Top view:(a)–(d), Side 

view: (e)–(h) of the mitral leaflet.(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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can be built with more measurement available and more detailed 
nated from image analysis since both the anterior and posterior

eaflet morphology is vastly different in the open and closed con-

guration. 

. Discussion and future direction 

The personalization algorithm estimates the chordae rest length

nd material parameters by incorporating the image analysis mod-

le and the biomechanical module. Here we list several potential

dvancements in the future that could improve the performance

f this parameter estimation. 

Image analysis : The image analysis module reconstructs the

orphology and dynamics of the mitral valve from in-vivo mea-

urements. The open valve configuration is used in the biomechan-

cal model as the initial geometry, and closed valve configuration

s target in the cost function to match the simulation results. In-

ccuracy in the image-derived geometry will have significant in-

uence on the parameter estimation. The learning based image

nalysis algorithm used in the paper is tested on a large data set

ith error comparable the image resolution ( Mansi et al., 2012 ).

dvancement in imaging techniques can improve the visualization

f the mitral valve apparatus to help differentiate the mitral valve

issues from the blood pool and noise. A comparison of algorithm

erformance using TEE and using other imaging modalities is of

nterest in order to investigate the capacity of each imaging modal-

ty to capture mitral valve geometry and dynamics information. Fi-

ally, inspection by the experts or clinicians of the results can help

mprove the accuracy and ensures the results are clinically rele-

ant. 

Cost function design : The problem is formulated in Eq. (8) to

inimize the summed Euclidean distances between the simulated

nd estimated mitral valve closure. The cost function can be al-
ered for more specific applications. Coaptation is another impor-

ant evaluation standard for diagnosis and surgical outcomes. 

When the mitral regurgitation is evaluated, it is important to

llow the biomechanical model to simulate the regurgitation hole

hen the leaflets are observed to not fully close in the TEE images.

n this case, the match at the edge of the leaflets may be more

mportant than at the belly of the leaflets. It may be more appro-

riate to use a weighted sum of the distances. The biomechanical

odel used here aims to simulate mitral valve closure instead of

he stress and strain analysis for the entire cardiac cycle. The sim-

lated mitral valve at the closed configuration are compared to the

round truth instead of all the available frames between end dias-

ole and early systole. In a different application or different model,

he displacement at more time points can be used in the cost func-

ion. 

Material parameters : Material parameters are assumed to be

omogeneous within one leaflet and the relationship among the

aterial parameters are fixed in this study. Since it is an initial at-

empt to estimate material parameters using noisy measurements

rom TEE images, the smallest number of estimates with strong

onstraint are chosen to ensure the physiological consistency of the

arameters. As the problem is understood better, the constraints

an be released by confining the relationship among Young’s mod-

lus along the fiber ( E f ), Young’s modulus across the fiber ( E f ⊥ ) and

hear modulus ( G ) and letting each parameter be independent. Be-

ides, material parameters can be allowed to vary regionally within

nterior and posterior leaflet to approximate the real tissue prop-

rties for normal and pathological mitral valve. The estimated ma-

erial parameters have some qualitative indication but more quan-

itative evaluation is needed. 

Other parameters : A fully personalized patient-specific model
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assumptions on mitral valve morphology. Measured pressure for

each patient instead of a generic profile can be used to improve the

accuracy of the personalized forces. The thickness and density of

the mitral leaflets for different patients at different locations may

be assigned in-homogeneously to characterize the leaflets closer to

reality. The number of chordae and the location of marginal and

basal chordae are not identified from the TEE images limited by

the image quality. Instead, fixed number of chordae with identi-

cal insertion points for all patients are used in the biomechan-

ical model. The chordae distribution model is first proposed by

Kunzelman and Cochran (1990) and has been proved to be efficient

by other researchers for normal mitral valve simulations ( Votta

et al., 2008; 2013 ). In patients with pathological changes such as

ruptured chordae, the distribution and properties of chordae may

be vastly different. And the distribution of the chordae has a signif-

icant influence on the simulation results. Algorithms may be devel-

oped to evaluate if the distribution and properties of the chordae

need to be adjusted before further optimization. Forces from heart

pressure can be measured in-vivo in the left atrium and ventricle. 

Population Study : This study utilized images from a sample

population that was unselected with respect to the presence of

mitral regurgitation. We plan to eventually conduct a systematic

comparison of performance for both control subjects and patients

with varying degrees of mitral regurgitation severity, but this ini-

tial effort was aimed at evaluating a new approach for noninva-

sively estimating in vivo material properties and chordae lengths.

The ultimate goal would be to guide surgical decision making

by predicting the effects of varying degrees of leaflet resection

and/or artificial chord placement on mitral valve coaptation. In ad-

dition, though, this method could be used to acquire data aimed

at building a statistical database for identifying normal and abnor-

mal ranges for these parameters. From a modeling viewpoint, the

initial contribution is to help build parametric models for this ap-

plication area and provide a foundation for later development of

more advanced subject-specific models. 

5. Conclusions 

The paper presented an streamlined framework to build a

patient-specific biomechanical model of the mitral valve from TEE

images with minimal user interaction. The framework combines

image analysis and biomechanics to optimize chordae rest length

and material parameters to ensure the biomechanical model sim-

ulated mitral valve closure matches the image based observations.

Through the personalization, the mitral valve model is calibrated

for individual patient. During the personalization, material param-

eters of human mitral valve are estimated from TEE images. Those

effort s allow a user-friendly platform to build patient-specific mod-

els, thus bringing the quantitative computational modeling one

step closer to clinical application. 

The framework has three essential modules including an image

analysis module, a biomechanical module and a model calibration

module. During the model calibration process, chordae rest length

and material parameters are optimized. The algorithm is tested on

15 sets of images for 14 patients yielding an average Euclidean dis-

tances of 1.86 ± 1.24 mm in simulating the mitral valve closure.

The chordae rest length is optimized using a morphology guided

search based algorithm. The chordae rest length adjustment re-

duced the simulation error to about 2 mm which is comparable

to image resolution. Personalized material parameters further re-

duces the error and at times reduces the regurgitation hole. The

estimated material parameters confirm that the anterior leaflet is

stiffer than posterior leaflet ( Imanaka et al., 2007 ), and that mate-

rial parameters vary among patients. 
cknowledgments 
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