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Abstract

In the past two decades, major advances have been made in the clinical evaluation and treatment of
valvular heart disease owing to the advent of noninvasive cardiac imaging modalities. In clinical
practice, valvular disease evaluation is typically performed on two-dimensional (2D) images, even
though most imaging modalities offer three-dimensional (3D) volumetric, time-resolved data.
Such 3D data offer researchers the possibility to reconstruct the 3D geometry of heart valves at a
patient-specific level. When these data are integrated with computational models, native heart
valve biomechanical function can be investigated, and preoperative planning tools can be
developed. In this review, we outline the advances in valve geometry reconstruction, tissue
property modeling, and loading and boundary definitions for the purpose of realistic
computational structural analysis of cardiac valve function and intervention.
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1. INTRODUCTION

1.1. Heart Valve Structure and Function

The heart has four cardiac valves—namely, the aortic, mitral, tricuspid, and pulmonic valves
—which control unidirectional blood flow through the heart during the cardiac cycle. These
four valves are primarily passive structures; that is, they open and close based on the
differential blood pressure on each side of the valve leaflets. Diseases of the aortic and
mitral valves, on the left side of the heart, are much more prevalent than those of the
tricuspid and pulmonic valves, on the right, and consequently, computational studies of
valve function have been centered mainly on the aortic and mitral valves. For this reason,
this review focuses on studies related to the aortic and mitral valves, although modeling
approaches discussed herein could be applied to the pulmonary and tricuspid valves as well.
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In order to construct a realistic valve model and simulate deformation and flow during the
cardiac cycle, it is important to have a good understanding of the healthy normal valve
anatomy and the associated structure—function relationships, which we briefly summarize in
the following sections.

1.1.1. Aortic valve—The aortic valve (AV) consists of three leaflets: the left coronary,
right coronary, and noncoronary leaflets (Figure 14). These three leaflets may differ in size
and are not necessarily symmetrically aligned (spaced 120° apart from each other) (1).
Microscopically, each leaflet is composed of three layers: ventricularis, spongiosa, and
fibrosa. Each layer contains a different amount of elastin, collagen, glycosaminoglycans, and
proteoglycans. This complex structure results in highly complex material properties, with
each layer displaying a distinct nonlinear, anisotropic response (2). Nonetheless, for
modeling convenience, the leaflets are often treated as a single-layer, homogeneous material
in computational models (3-13). The subvalvular and surrounding structures are less studied
in the literature; however, inclusion of these surrounding tissues in computational models
allows for more realistic boundary conditions, particularly for patient-specific modeling of
valve function.

Briefly, the AV (i.e., leaflets) resides within the aortic root, which is defined as the portion of
the left ventricular outflow tract delineated by the sinotubular junction (STJ) superiorly and
the valve annulus inferiorly (Figure 15). The aortic annulus is not a simple, clearly defined,
homogeneous structure. One-third of the annulus is composed primarily of fibrous tissue,
which is located partially below the noncoronary and left coronary leaflets in continuity with
the anterior mitral leaflet. The thickened portions of fibrous tissue between the leaflets,
referred to as the fibrous trigones, mechanically reinforce the annulus. The remaining two-
thirds of the annulus is composed of ventricular muscle (Figure 148). The aortic annulus is an
important anatomic structure for anchoring current transcatheter aortic valves (TAVS). As the
fibrous tissue is much stronger than the ventricular muscle, aortic rupture is not expected to
occur at the fibrous region during the TAV procedure. Distal to the annulus are the three
sinuses of Valsalva (SOV), specifically the left coronary, right coronary, and noncoronary
sinuses, which are the bulged portions of the aortic root. Distally, the aortic sinuses are
connected to the ascending aorta at the STJ. The leaflets, sinuses, and ascending aorta have
distinct material properties, with the ascending aorta being significantly more compliant than
the sinuses (14, 15) and more isotropic than the leaflets (14, 16). It is thus important to
include accurate definitions of these structures and regional material properties in
computational models.

1.1.2. Mitral valve—The mitral valve (MV) is a complex yet elegantly structured cardiac
valve that consists of an annulus, two leaflets, approximately 25 chordae tendineae, two
papillary muscles, and the underlying left ventricular myocardium (Figure 1¢). The mitral
annulus (MA), similar to the aortic annulus, is subdivided into a lateral (anterior) portion,
composed mainly of cardiac muscle, and a septal (posterior) portion, composed of fibrous
tissue. The anterior mitral leaflet (AML) is connected to the AV via the aortic-mitral curtain,
and the posterior mitral leaflet (PML) is hinged on the posterior MA (Figure 14).
Microscopically, the leaflets are composed of multiple layers—namely, the atrialis,
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spongiosa, fibrosa, and ventricularis. However, like the AV leaflets, the MV leaflets are often
modeled as a single-layer structure in computational models (17-19). The fibrous chords are
composed mainly of collagen bundles, which give the chords high stiffness and maintain
minimal extension to prevent the leaflets from pillowing into the left atrium during systole.
The chords originate from either the two major papillary muscles (on the anterolateral and
posterolateral walls) or multiple small muscle bundles attaching to the ventricular wall.
Normal MV function involves a proper force balance, with each of its components working
congruently during a cardiac cycle. Pathological alterations affecting any of the components,
such as chord rupture (20), annulus dilatation (21), papillary muscle displacement (22, 23),
leaflet calcification, and myxomatous disease, can lead to altered MV function and cause
mitral regurgitation.

1.2. Main Clinical Issues and Current and New Treatment Techniques

Heart valve disease is a significant cause of morbidity and mortality. In the United States,
heart valve disease is responsible for about 22,000 deaths per year. In the past two decades,
major advances have been made in diagnostic methods in interventional cardiology as well
as surgical procedures that have enhanced our understanding of the natural history of
valvular heart disease and, thus, have increased patient survival. However, the overall in-
hospital mortality rate due to valve procedures is 4.22%, a figure that is much higher than
that of other cardiac procedures (24).

The two most common presentations of valve disease are aortic stenosis (AS) and mitral
regurgitation (MR). AS is the abnormal narrowing of the AV, which partially obstructs the
outflow of blood from the left ventricle (LV). Although currently there is no effective
medical therapy for severe AS, surgical aortic valve replacement (AVR) is the definitive
therapy and yields low operative mortality for these patients in the absence of serious
coexisting conditions. However, in clinical practice, at least 30% of patients with severe
symptomatic AS do not undergo AVR surgery, owing to advanced age and the presence of
other comorbidities (25). Recently, TAV implantation has emerged as a new treatment for
AS in which a bioprosthetic valve is implanted via catheter within the diseased AV. Since the
first in-human implantation by Cribier and colleagues (26) in 2002, there has been explosive
growth in its use throughout the world. To date, more than 50,000 TAVs have been
implanted across 40 countries. The results of several large multicenter registries and the
prospective, randomized Placement of Aortic Transcatheter Valves (PARTNER) trial (27)
have confirmed this treatment as an alternative to the standard surgical AVR for inoperable
and high-risk patients. Initial attempts at TAV implantation in moderate-risk patients are
ongoing.

MR is an abnormal leakage of blood from the LV back into the left atrium during systole.
The current treatments for MV diseases are surgical repair and replacement of the MV. MV
repair, benefiting from improved understanding of MV mechanics and function, is now
preferred to valve replacement. Common MV repair techniques include triangular or
quadrangular resection, slide annuloplasty, ring annuloplasty, chordal cutting and
transposition (28), artificial chord use (29), and, more recently, minimally invasive
transcatheter technologies (30). The complex physiology and three-dimensional (3D)
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anatomy of the MV and its surrounding structure present substantial challenges when
performing these procedures.

1.3. Noninvasive Imaging Modalities for Cardiac Valve Disease Diagnosis

Much of the recent advancement in valvular heart disease evaluation and treatment can be
attributed to the advent of noninvasive cardiac imaging modalities, such as echocardiography
(Echo), magnetic resonance imaging (MRI), and computed tomography (CT), which are
now being used extensively for diagnostics and risk evaluation. Clinicians rely heavily on
Echo for evaluating AV and MV morphology. In particular, transesophageal
echocardiography (TEE) is commonly used for the evaluation and diagnosis of MV
pathology as well as the feasibility of repair. The two-dimensional (2D) TEE provides high-
quality images of the MV, yet sometimes the site and degree of prolapse can be incorrectly
identified from 2D images (31-33). Consequently, 3D TEE is being increasingly adopted.
However, as TEE has a relatively poor spatial resolution compared with MRI and CT, MRI
is preferred for analyzing valvular flow characteristics. Because CT has been shown to
facilitate more accurate and reproducible AV annular measurements than Echo (34), it is
more appropriate for geometric measurement applications, particularly for TAV intervention,
for which AV geometries are of importance. Although CT is more readily available and
easier to use than cardiac MRI, it comes with the patient risk of radiation exposure.

1.4. Computational Modeling Methods

Most of the imaging modalities offer 3D volumetric, time-resolved data that encompass
comprehensive structural and fluid-flow information. Such 3D data, though largely
unexploited in clinical settings, offer researchers the possibility to reconstruct the 3D
geometry of heart valves at a patient-specific level. When these data are integrated with
computational models, native heart valve biomechanical function can be investigated, and
preoperative planning tools can be developed for a specific patient. Structural finite element
analysis (FEA) can provide a full and detailed quantitative stress and strain analysis of
regions of interest, and computational fluid dynamics (CFD) can provide a quantitative
description of the flow characteristics. Fully coupled fluid—structure interaction (FSI)
methods are also emerging to more comprehensively model valvular biomechanics.
However, the accuracy of computational simulations depends heavily on valve geometry,
material properties, and the loading and boundary conditions used. Despite the complexity
of the AV and MV, most of the early valve models utilized idealized, symmetric geometries
of the valve structures and adopted linear elastic material properties. Only in the past several
years have clinical images been used to develop patient-specific valve models with improved
accuracy. In this review, we outline the advances in valve geometry reconstruction, tissue
property modeling, and loading and boundary condition definitions for the purpose of
computational structural analysis (i.e., FEA and FSI) of the cardiac valves. The reader is
referred to the reviews by Sacks & Yoganathan (35) and Sacks et al. (36) for a more
complete overview of the valve biomechanics and to Chandran (37) and Votta et al. (38) for
reviews of valve computational studies, particularly CFD studies.
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2. MODELING OF VALVE GEOMETRY AND DYNAMIC MOTION

2.1. Ex Vivo Geometry Measurements

Different measurement techniques, including measurements of excised hearts, and silicone
rubber casts of the valve and of a functioning valve in vivo have been used to discern the
geometry of the AV in several mammalian species. Although the three leaflets often differ in
size, they are similar enough to permit a general description of a valve with trileaflet
symmetry. The idealization work by Swanson & Clark (39) and Thubrikar (1) allows the
geometry of the valve leaflet, root, and sinus to be described by a relatively small set of
parameters. This method was adopted by Howard et al. (40) and Labrosse et al. (41, 42),
among others, for AV simulations. As shown in Figure 2, representative values of these
parameters for an adult human AV are [, = 26 mm, D, = 24 mm, H=16.8 mm, H; = 6 mm,
Lg=30mm, Ly, =17 mm, Xg=3mm, a=19° and g=7° (43).

Owing to the complex structure of the MV apparatus, early MV modeling efforts also relied
on ex vivo dimensional measurements to create finite element (FE) models. For example,
Kunzelman et al. (44) measured the annulus lengths, leaflet edge length and height, and
anterolateral and posteromedial commissural heights, as well as chordal length and
distribution of porcine and human MVs. It should be noted, however, that all measurements
were considered planar 2D values. To create 3D models, researchers will need to determine
the spatial locations of each of the mitral components. Furthermore, geometric changes to
the annulus shape and the papillary muscle locations during the cardiac cycle cannot be
captured using ex vivo hearts. Despite these limitations, such geometric modeling methods
have been utilized in numerous FE studies of normal (45-48) and pathological (17, 49) MV
function. For the purpose of preoperative planning, valve geometries measured ex vivo will
not be sufficient.

2.2. Valve Imaging Processing and Valve Segmentation

The precise patient-specific geometry and location of AV and MV features are of critical
importance for the proper diagnosis and treatment of valvular diseases. Recently, several
research groups have obtained in vivo AV and MV geometries using Echo (50-53), MRI
(54-56), and multislice CT scans (19, 57-60) to reconstruct patient-specific AV and MV
models. From these images, it is often difficult to identify the more delicate valvular
substructures such as the leaflet free edge and chordae tendineae. A more accurate
description of the valve structures is achievable, but methods successfully capturing such
detail often employ manual tracing or manual geometrical reconstruction by point selection
and interpolation (50). For instance, Sirois et al. (59) reconstructed the 3D aortic root and
ascending aorta geometries using a custom-made code, vtkPointPicker. Using the software,
they manually digitized the 3D locations of aortic root landmarks and output them as a 3D
point cloud. They then imported the point cloud into HyperMesh (Altair Engineering, Troy,
MI), and generated smooth contour lines of the valve surface to generate FE meshes of the
aortic root (59). Figure 3 illustrates the successfully reconstructed 3D valve geometries at
20%, 40%, and 80% of the cardiac cycle that were obtained from the corresponding CT
scans. Now, many groups are using semiautomatic methods to segment the valve structures
from clinical images through standard image processing techniques, such as intensity-based
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thresholding, to distinguish the valve structures from the surrounding blood pool (54, 58, 60,
61). The latest segmentation algorithms being developed can also better segment the

valvular structures utilizing data from Echo (62—-65), which is preferred to CT in the clinical
setting. Still, the efficient transfer of volumetric imaging data into FEA remains a challenge.

Recent efforts in clinical image processing have been focused on improving efficiency for
real-time use (31, 63, 66). Automated methods are based on deformable template geometries
of the valve structures and the probabilities of the shape variation modes. Mahmood et al.
(31) intraoperatively reconstructed a model of the MV geometry derived from 3D TEE data
using the Mitral Valve Analysis Package (TomTec Imaging Systems GmbH, Munich,
Germany). The authors first delineated the mitral leaflets by the anterior, posterior,
anterolateral, and pos-teromedial landmarks. They then identified the MA on 2D cuts
through the landmark points. lonasec et al. (66) presented an automatic system for the
simultaneous segmentation and landmark detection of the AV and MV from CT and TEE
imaging data. Pouch et al. (62) have also presented a consistent automatic segmentation and
shape reconstruction method for the AV from 3D Echo images. For the purpose of
optimizing TAV implantation, Zheng et al. (63) have developed a part-based automatic aorta
segmentation approach for C-arm CT data. The part-based model facilitates the independent
recognition and segmentation of the entire aorta including the arch and the ascending and
descending sections. The algorithm can process the aorta volume in 1.1 s and could help
cardiologists determine the proper TAV angulation during deployment (63).

2.3. Subject-Specific Dynamic Model

Many of the segmentation methods discussed above are static or single-moment snapshots.
The segmentation process would have to be repeated for additional time points in order to
analyze the dynamic valve geometries through the cardiac cycle. Real-time visualization of
the 3D valve geometries throughout function could also greatly benefit clinicians. There are
now two dynamic valve models in the literature to address this need. Veronesi et al. (67)
were among the first groups to quantify the 3D AV and MV dynamics from matrix-array
transesophageal images. The AV and MV features were semiautomatically detected and then
automatically tracked through the cardiac cycle. lonasec et al. (66) have also developed a
dynamic model of the AV and MV with the ability to capture morphologic and pathologic
differences over an entire cardiac cycle based on the trajectories of landmark points. The
robustness and accuracy of the method were demonstrated by extensive experiments on
1,516 TEE and 690 cardiac CT volumes with an average processing time of 4.8 s and an
average accuracy within 1.45 mm of the expert-defined ground truth. The use of subject-
specific dynamic valve models for preoperative planning holds great promise; however, an
automated, fast, and user-friendly method to load 3D imaging data, refine them into
nonlinear FE models, and then further visualize and process simulations with them has not
yet been developed.
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3. CHARACTERIZATION OF MATERIAL PROPERTIES OF VALVE TISSUES

3.1. Animal and Human Valve Tissue Properties

Owing to the limited availability of human tissues, our current knowledge of valve tissue
mechanical properties is derived mainly from work with porcine or ovine valves (2, 68-78).
There are numerous studies in the literature that use animal valve tissues as surrogates for
human tissues (2, 15, 76-79). Lo & Vesely (76) were among the first to characterize the
biaxial properties of porcine AV leaflets. Representative works also include Billiar & Sacks
(77), Stella & Sacks (2), and Stephens & Grande-Allen (78), which have quantified the
biaxial properties of porcine AV leaflets under multiloading protocols, as well as layer-
specific and age-dependent conditions. Recently, Martin & Sun (16) reported the first data
set of biaxial properties of aged human and ovine AV leaflets. Human aortic tissue material
properties have recently been incorporated in the TAV simulation studies by Wang et al. (58)
and Auricchio et al. (80). On the MV side, May-Newman & Yin (68) and Kunzelman &
Cochran (69) pioneered the studies on the planar biaxial mechanical response of porcine MV
leaflets. Their experimental data sets have been used extensively in constitutive material
modeling (45, 81) and simulation of MV dynamics at physiological conditions (55, 61, 82—
84). Several groups have also investigated animal MV biomechanics through in vivo
experiments (73, 82, 85-86), although there is a lack of such studies for the human MV. The
few studies on the mechanical properties of the human MV are ex vivo studies. Clark (87)
and Prot et al. (18) measured the uniaxial response of the MV leaflets, and Pham & Sun (88)
conducted biaxial mechanical tests of the MV leaflets from 21 aged human hearts.
Properties of the human MV were recently applied in the FE simulation of MV function by
Wang & Sun (19).

Experimental studies have demonstrated significant differences between the mechanical
properties of animal and aged human tissues, including the aortic root (14), AV (16),
coronary sinus (89), and MV (88). In all cases, the aged human tissues were much stiffer, as
shown in Figure 4. Because the aged population is the key demographic for valvular disease,
the use of animal tissue properties for simulations related to valvular repair or replacement
may compromise the validity of the results. The future use of these animal models in
evaluating valve device mechanical function must be considered with caution (90).

3.2. Constitutive Models of Valve Tissues

3.2.1. Linear elastic models—Early attempts to describe valve tissue properties relied
on the linear elastic material model, following the generalized Hooke’s law (8, 45)

0ij=Ciyrir, (1)

where ojjis the stress tensor, e is the strain tensor, and Cyj is the fourth-order elasticity
tensor. Linear elastic models are appropriate when the stress—strain relationship is indeed
linear, and are typically restricted to relatively small deformations. Linear elastic material
properties were chosen for various reasons (55, 61, 91), but mainly to simplify the

simulation process in order to achieve numerical convergence in FE simulation solutions.
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Over the physiological range of pressures, valve tissues have been shown to exhibit a
relatively linear stress—strain relationship (86). However, for a FE simulation of valve
deformation from the undeformed state to a deformed state, the valve material response is
clearly nonlinear, and the use of nonlinear material models is essential for realistic valve
simulations.

3.2.2. Fung-elastic model—The Green strain—-based exponential model proposed by
Fung (92) is probably the most commonly used hyperelastic model for characterizing the
mechanical response of soft tissues (92, 93). A two-dimensional Fung-type strain energy
function W can be expressed as

C
W:§[6Q—1], @

Q=A1 B} + A2 B3 +2A3E11 B+ Ay By +2A5 By By +2AEpn Era,  (3)

where cand Ajare material constants, and E is the Green strain tensor. Note that Equation 2
has other variants that could easily be treated as a subset or expansion of this model (94).
Equation 2 is often used to model planar biaxial mechanical responses of valve tissues (95)
and should be implemented with plane stress elements, such as shell or membrane elements.
One problem with Equation 2 is that the transverse shear stiffness (TSS) in the 13 and 23
directions are undetermined owing to the lack of transmural response definitions in this
model. As shown by Sun et al. (94), the valve peak stress is insensitive to changes in TSS
values for the valve closure simulation. However, to simulate valve opening, the tissue
bending response is critical, and without accurate TSS values, Equation 2 may give
inaccurate results. Additional details on FE implementation of Equation 2 can be found in
Sun & Sacks (96). The 3D Fung model has not been widely used to model valve functions;
however, Labrosse and colleagues (41, 42) successfully utilized a 3D Fung model to
simulate native AV deformation.

3.2.3. Strain invariant—-based fiber-reinforced hyperelastic model—Weiss et al.
(97) and Holzapfel et al. (98) presented a computational framework to implement strain
invariant—based models that can accommaodate the effects of one or two families of elastic
fibers. To use this class of models, typically, the valve tissues are assumed to be composed
of a matrix material with two families of embedded fibers, each with a preferred direction.
The deviatoric strain invariant T, is used to describe the matrix material, and T is used to
describe the properties of the fiber families. One example of such models proposed by
Holzapfel et al. (98) can be expressed as

Annu Rev Biomed Eng. Author manuscript; available in PMC 2017 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

Page 9

W=Cio (T-3) +2k—];2v

2

2 .

{exp {k;g {HH+(1—3K)E—1]Z} —1} +i(J—1)2, i=1,2,
= b )
where Cyg, k1, k2, and D are material constants. Specifically, C;g describes the matrix
material, and D enforces near incompressibility. In addition, a dispersion parameter, «, is
used to describe the distribution of the fiber orientation. Local coordinate systems should be
defined for each leaflet to include fiber orientations. There are several variations of the
model that have been applied to heart valve simulations. Prot et al. (18) implemented the
Holzapfel material model in the analysis of healthy and pathological human MVs. Wang and
colleagues (19, 58) simulated AV and MV functions with a variation of the material model.
Similarly, Stevanella et al. (55) simulated the MV dynamics and characterized leaflet
properties through a transversely isotropic model proposed by May-Newman & Yin (99),
while Conti et al. (100) and Auricchio et al. (80) used the same material model to simulate
AV biomechanics.

4. DEFINITION OF LOADING AND BOUNDARY CONDITIONS

For the FE quasi-static simulation of AV closure, a uniform pressure field, typically with a
maximum of 120 mm Hg, is applied on the aortic side of the leaflets. This approach is
frequently used and sufficient to obtain the valve stress distribution. However, one should
consider these results with caution: The dynamic loading due to the blood flow-induced
dynamic “water hammer” effect is ignored in any quasi-static valve simulation. For FE
simulation of AV opening, a static transvalvular pressure of 4-7 mm Hg may be applied on
the ventricular side of the leaflets to open the valve. In such simulations, the valve free edge
may be overly expanded because the actual transvalvular pressure at the free edge should be
close to 1-2 mm Hg when the valve is fully open. Thus, the effective orifice area calculation
from FE static simulation results may not be accurate. For FE dynamic simulation, the time-
dependent pressures on the corresponding sides of the leaflets can be applied. However,
owing to the lack of blood viscosity damping on the leaflets, the leaflet motion may exhibit
excessive, unrealistic vibrations. In the case of FSI analysis, pressure on the leaflets is a
consequence of the fluid dynamics; thus, the loading condition is more realistically modeled.

For the MV, owing to the complicated contact between the leaflets, dynamic explicit analysis
is usually conducted to simulate the valve closing process. To mimic the mitral annular and
papillary muscle dynamics due to the contraction of the surrounding LV, nodal
displacements of the MA and chordal origins on the papillary muscles can be tracked from
clinical images, such as CT scans (19), at different phases during the cardiac cycle. A time-
dependent physiological transmitral pressure of one cardiac cycle can be applied on the
ventricular side of the mitral anterior and posterior leaflets. Similar to AV simulations,
modeling of valve FSI is needed to capture the realistic loading conditions of the MV.
Additionally, LV and papillary muscles with active contraction should be incorporated to
accurately simulate the dynamic boundary conditions of the MV.
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5. COMPUTATIONAL SIMULATION OF CARDIAC VALVE FUNCTION AND
INTERVENTION

5.1. Aortic Valve Applications

Early studies employing FEA to investigate human AV function began in the 1970s (8, 101,
102). Valve leaflet geometry data were obtained from photogrammetric analysis of molds
made from human AVs, and thin-shell FE models were generated to perform linear elastic
stress analysis (8). The goal of these and other early computational AV studies was mainly to
understand basic valve functions under both physiological and pathological conditions. To
this end, simplified models can still offer a wealth of knowledge. For instance, researchers
have found that the bicuspid aortic valve (BAV) geometry results in increased leaflet stresses
and strains (3, 4, 6) and reduced valve effective orifice area (EOA) (3), which may explain
the greater tendency of these patients to develop AS, as well as aortic aneurysm and
dissection, compared with patients with a normal tricuspid AV. Grande-Allen and colleagues
have also applied FE models to study the effects of valvular insufficiency (7) and Marfan
syndrome (9) and concluded that both pathologies tend to increase leaflet stresses and
strains. Although informative for parametric studies, these studies are somewhat limited by
numerical assumptions such as linear elastic tissue properties (7-9, 102), animal-derived
tissue properties (4, 6), or idealized geometry (6, 8, 102).

Because the preferred method of treatment for AV disease is surgical replacement of the
diseased valve with a prosthetic, many computational studies have focused on prosthetic
valve function and design. Computational studies have shown that by changing bioprosthetic
valve design, through varying manufacturing techniques (103), leaflet shapes (104), and
frame mounting methods (103, 105-108), the stress distribution pattern acting on the leaflets
can be altered. There are relatively few studies of surgical AV repairs, which are associated
mainly with the Yacoub/David valve-sparing techniques (109). Labrosse et al. (41) have
simulated leaflet correction techniques, such as central and commissural plication and
resuspension of the leaflet free margin. They found that leaflet resuspension appeared to be
the best among the three techniques. Grande-Allen et al. (10) studied the influence of aortic
graft shape and stiffness in the valve-sparing procedure and showed that although
commercial vascular grafts are made of polyethylene terephthalate, a graft made of
polycarbonate urethane could replicate the native valve biomechanics more closely. Other
studies also applied FE simulation to study AV-sparing via grafting and showed that different
procedures (110), as well as differently sized (111) and shaped (112, 113) vessel grafts,
could have a significant impact.

FEA combined with patient-specific imaging data could potentially be utilized as a tool to
refine patient selection, evaluate device performance, and eventually improve clinical
outcomes for individual patients. Several FE models (58, 60, 80) have been developed to
analyze the biomechanics involved with TAV implantation in specific patients. Auricchio et
al. (80) simulated both Edwards SAPIEN stent crimping and deployment through balloon
inflation in a patient-specific aortic root model. From the simulation they were able to
determine the effect of device positioning on the leaflet and aortic wall stresses. Wang et al.
(58) developed a patient-specific FE model to quantify the biomechanical interaction
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between the TAV stent and the stenotic AV. This analysis included modeling of the native
aortic leaflets, ascending aorta, and surrounding myocardium, which were defined by biaxial
testing data of human aortic tissues (14, 16). From the simulation results, Wang et al. (58)
showed that calcium deposits on the leaflets may inhibit stent expansion and ultimately
result in paravalvular leak.

The inherent limitation of all purely structural analyses for the AV is the lack of blood
interaction. De Hart et al. (11) developed the first 3D AV FSI model using the Lagrange
multiplier—based fictitious domain method to study the kinematic opening and closing
behavior of the valve. This study marked an improvement over most prior structural
analyses, which dealt only with valve closing (11). Nicosia et al. (114) employed a similar
method to study the FSI of the AV and root, utilizing a more realistic geometry extracted
from MRI data. Through FSI studies, Katayama et al. (5) discovered that the sinuses
facilitate smooth closure of the AV and reduce stress concentrations in the leaflets, and
Marom et al. (12) demonstrated significant discrepancies in simulated AV leaflet coaptation
area, contact pressure, and valve closing time when compared with purely structural
analyses of AV closing. However, the complex nature of the leaflet fluid—structure
interaction has hindered progress in this area. Each of these FSI analyses include significant
assumptions, including idealized geometries, unrealistic leaflet material, and simplified fluid
flow properties. Only the most recent FSI models have included more sophisticated material
models. For instance, the most recent FSI model by Marom et al. (115) includes the
asymmetric collagen fiber architecture of a porcine valve built into the leaflet material, and a
compliant root. They found that the asymmetric fiber architecture alters the valve kinematics
and flow characteristics (115). Katayama and colleagues have also utilized an anisotropic,
albeit linear, leaflet property. Still, significant progress must be made in order to develop
accurate patient-specific FSI models of the AV.

5.2. Mitral Valve Applications

Kunzelman and coworkers were among the pioneers in developing 3D FE models of the
normal (45) and pathologically altered (49, 116) MV. Their MV model, albeit limited by
symmetric geometry based on the excised porcine MV, included all the essential components
of an MV. The model has been used extensively to analyze various MV repair procedures
(116-118). Although various designs of annuloplasty rings, including undersized, rigid,
semirigid, flexible, D-shape, and dog-bone shaped, are commercially produced, the optimal
shape is uncertain. Kunzelman et al. (116) developed static FE models of the normal and
dilated MV to simulate the effects of flexible and rigid annuloplasty rings. Subsequently,
Maisano et al. (119) and Votta et al. (91) showed that the dog bone—shaped annuloplasty ring
with selective reduction in the septolateral dimension is more effective than a conventional
prosthesis for treating leaflet tethering in functional MR. However, these studies excluded or
simplified the LV geometry. Wong et al. (120) reconstructed a 3D FE model incorporating
the LV, annulus, and chordae tendineae from 3D cardiac MRI images of sheep. They
successfully simulated the MR scenario and observed that the stress reduction with the
saddle-shaped MA was slightly greater than that of the asymmetric rings. More recently,
research groups have begun to construct in vivo patient-specific MV models using clinical
Echo (50, 121) and MRI (54, 55). For instance, 3D Echo images were used by Xu et al.
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(121) to reconstruct MV models to predict leaflet and chordal stresses. MV geometries were
perturbed to examine how MV leaflet coaptation area, noncoapted leaflet area, and
interleaflet coefficient of friction affect leaflet and chordal stress distribution. The results
indicated that MV repair techniques that increase or preserve noncoapted leaflet area might
decrease stresses and thereby enhance repair durability. Similarly, Stevanella et al. (55)
utilized cardiac MRI to develop patient-specific MV models of one healthy subject and one
patient with ischemic MR. Their disease model captured actual regurgitant characteristics
and revealed abnormal tensions in the annular region and subvalvular apparatus.

One of the inaccuracies in MV modeling is the bulging of anterior leaflet into the atrium,
which could be due to incorrect assumptions about chordal length, chordal origins, and
insertion points at the mitral leaflets. Such structure details are not distinguishable in the
current clinical MRI or TEE images owing to their poor spatial resolution. Multislice CT
images offer much better spatial resolution (e.g., 64-slice CT of 0.625 mm). CT images were
used by Wang & Sun (19) to reconstruct patient-specific MV models. In their study, the MV
models incorporated not only the mitral leaflet thickness but also the papillary muscle
locations, chordal origins, and chordal insertion points, as shown in Figure 5. Dynamic
motions of the MA and papillary muscles were obtained from middle systole and middle
diastole and were prescribed as boundary conditions for the FE simulation. Simulation
results were validated by comparing FE-deformed MV geometries with the CT images at
systole, and a close match was obtained (Figure 5¢) (19). Significant bulging of the mitral
leaflets was not observed at peak transmitral pressure (19). As there is evidence of muscle
fibers and innervation in mitral leaflets (122), Skallerud et al. (123) applied a simple active
stress component in modeling the porcine MV, which resulted in a significant reduction in
the leaflet bulging.

Percutaneous catheter-based edge-to-edge (ETE) mitral repair using MitraClip has grown
rapidly in Europe during the past few years. Over 10,000 MitraClips have been implanted
worldwide to date (124). MV mechanics under ETE conditions are thus of great interest.
Using idealized geometries of the MV and LV, Radaelli et al. (125) and Fiore et al. (126)
were able to provide a good estimation of the pressure drop across the ETE-repaired valve
and assess the leaflet stress pattern from the 8-mm ETE suture (127). Consistent with
clinical observations, FE simulations confirmed that using an annuloplasty ring in
conjunction with ETE repair is favorable if mitral annular dilation is present, as it could
reduce leaflet stresses (128, 129). Dal Pan et al. (130) employed a parametric study of the
ETE technique to investigate stress and strain distributions on leaflets at various suture
positions and extension lengths as well as dilated annulus dimensions. The study provides
useful analyses for technique improvement and optimization.

There are relatively few FSI studies on MV structural and hemodynamic function.
Kunzelman et al. (17) developed a fully coupled FSI model using LS-DYNA (Livermore
Software Technology Corp., Livermore, CA). For this model, they substantially enhanced
their previous models (45) by incorporating a fiber-reinforced hyperelastic material model
for the leaflets, nonuniform leaflet thickness, branched chords, and fluid flow. The
simulation results agreed well with physiological data reported in the literature. By varying
the parameters of the fiber model, the authors also investigated effects of pathological
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changes. More recently, Ma et al. (131) developed an FSI MV model using the immersed
boundary method. The model was generated from MRI data of a healthy patient. Linear
elastic material models were used for both leaflets and chords. From the simulation results,
the authors concluded that the differences in the thicknesses of the leaflets play an important
role in maintaining the physiological curvature of the MV leaflet during its dynamic motion.
Neither Kunzelman et al. (17) nor Ma et al. (131) incorporated the left atrium and LV into
their models. Dahl et al. (132), however, reported an FSI study on MV behavior during LV
filling with the realistic left atrium and LV geometry obtained from Echo. Though limited by
stemming from a 2D simulation with prescribed rigid wall motions (thus, not a coupled
FSI), their results underscore the importance of incorporating the asymmetric leaflet
geometry and left atrium to obtain accurate MV flow fields.

6. FUTURE DIRECTIONS

6.1. Quantification of In Vivo Human Tissue Properties

Although the use of age-matched human tissue properties in valve simulations is a
substantial improvement over use of animal tissue properties, there are also limitations to
using ex vivo tissue properties from human cadaveric hearts. First of all, ex vivo tissue
properties are not patient specific. Rather the tissue properties are selected from a cadaveric
heart with similar characteristics (age, sex, etc.) to the patient of interest. This requires a
thorough testing database of human tissue properties from an array of patients with differing
ages (133), genders, and degrees of disease because all these factors can significantly impact
cardiovascular tissue properties. Furthermore, tissue property homogeneity is generally
assumed over a particular region. Ex vivo testing data generally represent only the average
response from the center region of a specimen. In reality, the tissue structure and the
associated mechanical properties are heterogeneous. The ultimate goal would be to obtain
the patient-specific tissue properties from noninvasive imaging modalities using either the
inverse FE method or new techniques. It is possible to measure aortic tissue expansion over
the cardiac cycle by utilizing time-elapsed noninvasive imaging modalities (133). The
difficulty is that the physiological stress/strain range is rather narrow. The challenge that
remains is how to quantify the arterial material responses at low (0—80 mm Hg) and high
(>120 mm Hg) stress levels to obtain the complete material response, from the unstressed
and unloaded state to the state of tissue dissection, tear, and rupture. Several groups have
adopted an inverse FE procedure to perform stress analysis from in vivo imaging (134-136);
however, such approaches have not been applied to valve tissues. A future effort could be to
develop an inverse FE method that would utilize existing databases of human tissue
properties to guide the inverse FE solution progress.

6.2. Patient-Specific and Population-Based Probabilistic Simulation for Valve Intervention

To translate computational modeling techniques to clinical practice, one important future
application is to develop a computational patient-specific, preoperative planning system for
TAV intervention. Using patient CT imaging data, Wang et al. (137) have developed realistic
patient-specific FE models of TAV intervention that incorporate human aortic tissue material
properties with material failure criteria built in. The TAV deployment and tissue-device
interaction were simulated in five case studies, including one annular rupture case, three
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successful cases, and one successful valve-in-valve case. In the rupture case of a 94-year-old
female with an annulus measuring 19.6 mm, the CT scans showed that, owing to heavy
calcification, only her left coronary leaflet could open. In the actual TAV procedure, a size
23 Edwards SAPIEN valve was used, and unfortunately, the aortic root tore below the left
main coronary artery. Emergency open-heart valve surgery was consequently performed.
The case (i.e., images and clinical data) was sent for a biomechanical analysis. FE
simulations predicted that the aortic root tearing would occur below the left main coronary
artery (Figure 6), which matched clinical observations. These results demonstrate the
potential for computational modeling techniques to be incorporated into the preprocedural
evaluation process.

Yet, in order for the current computational models to be utilized as a preoperative planning
tool for valve intervention in the future, the spatial resolution from clinical images should be
further improved. An image spatial resolution of 0.1 mm is likely needed to clearly
distinguish valve leaflet free edge and chordal shape, origin, and insertion locations. The
computational efficiency of interventional simulations should also be improved for
practicality. Although it is not a common clinical practice to perform CT scans after TAV
implantation, postprocedural CT imaging would be conducive to thorough validation of the
FE models. Validation of the models should be completed over a large number of TAV
implantation cases to assure the accuracy of the model development methodology.

Whereas patient-specific analyses are essential for accurate preoperative planning,
population-based probabilistic studies will be pivotal in the design of reliable valve
prostheses and implantation techniques. Human anatomic valve geometries and their
associated tissue properties are highly variable. The design of valve devices should be robust
to account for the uncertainty of these variables and to avoid adverse clinical events and
clarify patient selection criteria. Probabilistic computational analysis permits a rigorous
quantification of various uncertainties and has been successfully applied to the design and
analysis of a variety of engineering systems, including space vehicles and automobiles (138)
and, more recently, orthopedic implants (139-142). A probabilistic valve model should be
built from a deterministic computational model, as described in Section 5, with additional
steps to include probabilistic analysis. The additional steps are (&) definition of random
variable inputs, (6) mapping of random variables to the model, () selection of responses
from the model, and (@) probabilistic analysis and interpretation of results. Such an approach
has recently been applied by Li & Sun (143) for probabilistic analysis of TAV leaflet design.

6.3. Multiscale Computational Analysis

A normal heart valve functions at multiple length scales, including organ, tissue, cellular,
and molecular scales (144). As the overall behavior of the heart valve is linked to every
length scale, alteration of one scale would trigger and activate changes in another. Therefore,
one cannot fully describe the heart valve biomechanics from a single length scale.
Mechanical stimuli, such as transvalvular pressures, impose stretches on the organ scale that
translate to the tissue scale (36). It has been shown that such dynamic deformation in vitro
can mediate the responses of valvular interstitial cells (VICs), which serve to maintain tissue
structural integrity via protein synthesis and enzymatic degradation. Huang et al. (145)
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quantified the aortic VIC deformation under a quasi-static physiological pressure. They
found that the nuclear aspect ratios, measured as an index of overall cellular strain, increased
substantially from 4 to 90 mm Hg, with the fibrosa layer exhibiting a greater rate of change
compared with the ventricular layer. Owing to the heterogeneity of the leaflet structure,
Vesely & Noseworthy (146) studied the layer-specific mechanical properties of the porcine
AV leaflet. By separating the fibrosa and the ventricularis from fresh and glutaraldehyde-
fixed porcine aortic leaflets, they found that although the two layers differ structurally, they
complement each other mechanically during AV function (e.g., more radial extensibility to
facilitate valve closure). Later, Stella & Sacks (2) characterized the material properties of the
layers using strip biaxial tests. Their mechanical data were later implemented in a series of
computational studies by Weinberg & Mofrad (147), who developed a computational model
to simulate the mechanical behaviors of valves across the range of length scales. In their
most recent study, Weinberg and coworkers (148) performed a multiscale simulation in both
solid and fluid domains to analyze whether the geometric difference or the mechanical
deformation difference causes the major differences in function and pathology (e.g.,
calcification) between normal tricuspid valves and BAVs. Interestingly, their model
predicted that cellular-scale deformations are similar in both valves regardless of organ-scale
differences, suggesting calcification may instead be due to a genetic difference that gives
rise to a difference in matrix constituents. Limitations of the study that may have affected
their results include modeling both tissue and cellular scales using isotropic constitutive
relations, the use of homogenized BAV tissue structures, and the lack of BAV tissue
properties. Although their cellular-scale model was greatly simplified, their simulation was
the first to link across the length scales to create a multiscale model. Clearly, much more
computational work remains to be done at cellular and molecular levels, and innovative
methods linking both the spatial and temporal scales to simulate the development of
pathological events have yet to be developed.

7. CONCLUSION

Glossary

Heart valve disease, most commonly presenting as aortic stenosis or mitral regurgitation, is a
significant cause of morbidity and mortality. Recent advances in computational modeling of
the cardiac valves, including enhanced noninvasive imaging, innovative 3D anatomic
geometry reconstruction methods, and improved structural modeling and simulation
techniques, have enabled realistic simulation of valve biomechanics. Although significant
work to validate the predictability of such simulations still remains to be done, further
development in these areas will pave the way for exciting new avenues, such as patient-
specific, preoperative planning and probabilistic, population-based evaluation of valve
devices and treatment methods.

STJ sinotubular junction
TAV transcatheter aortic valve
SOV sinuses of Valsalva
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MV mitral valve

MA mitral annulus

AML anterior mitral leaflet

PML posterior mitral leaflet

AS aortic stenosis

MR mitral regurgitation

Lv left ventricle

AVR aortic valve replacement
Echo echocardiography

MRI magnetic resonance imaging
CT computed tomography

TEE transesophageal echocardiography
FEA finite element analysis

FSl fluid—structure

BAV bicuspid aortic

ETE edge-to-edge (mitral repair)
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Photographs of the structure of an excised human aortic root showing (&) the entire
circumference of the annulus composed of fibrous and muscular regions and the coapting
aortic leaflets—that is, the noncoronary (NCL), left coronary (LCL), and right coronary
leaflets (RCL)—and (&) the same aortic root with the ascending aorta (AA), right (RCA) and
left coronary arteries (LCA), noncoronary sinus of Valsalva (SOV), sinotubular junction
(STJ), and trigone regions. (¢) An illustration of the mitral valve anatomical structures, and
(d) a photograph of an excised human mitral valve showing the mitral annulus, anterior
(AML) and posterior mitral leaflets (PML), fibrous region, chordae tendineae (pink
highlighted area), and papillary muscles (PMs).
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Figure2.
(a) Drawing of the aortic valve showing a side view of one leaflet. (6) Schematic showing

the side view of one leaflet in both the open and closed valve positions. Points A and C
indicate the top of the commissures, point B (B”) indicates the middle point of the leaflet
free edge in the open (closed) position, and point D indicates the middle point of the leaflet
attachment line. Abbreviations: Dy, diameter of the base; D, diameter of the commissures;
H, valve height; H, height of the commissures; Ls, leaflet free-edge length; Ly, leaflet
height; X, coaptation height in the center of the valve; a, angle of the closed valve; g, angle
of the open valve; @, angle of the leaflet free edge in the open position. [Adapted with
permission from Labrosse et al. (43).]
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Leaflets

Short-axis views

FE models

Figure 3.
(top) Short-axis views of patient aortic valve computed tomography (CT) images at 20%

(fully opened), 40%(half opened), and 80% (fully closed) of a cardiac cycle. (bottom) The
corresponding reconstructed three-dimensional aortic root and leaflet finite element (FE)
models showing fully opened, half-opened, and fully closed valve geometries (/eft to righ?).
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Figure 4.

Mean experimental biaxial response curves of (&) ovine, porcine, and human aortic leaflets
in circumferential and radial directions and (5) porcine and ovine aortic sinuses and
ascending aorta (AA) in circumferential and longitudinal directions.
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A three-dimensional finite element (FE) mitral valve (MV) model. (&) The computed
tomography (CT) long-axis two-chamber view of a closed MV showing a good visualization
of chordae tendineae and papillary muscles (PMs). (6) The short-axis and long-axis views of
the reconstructed FE MV model overlapped with the CT images. (¢) The overlapping of
geometries of the closed MV valve from the CT scans (green) and the simulated result (red)
after applied pressure demonstrate a good match. Open MV valve geometry and the
anatomical locations of chordae tendineae with chordal origins and papillary muscles are
shown in (a) long-axis and (&) short-axis views.
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Figure6.
A finite element model of a 94-year-old patient’s aorta, including the entire aortic root with

coronary arteries, calcified leaflets, and a balloon-expandable transcatheter aortic valve
(TAV) device. The simulation results predicted the aortic sinus rupture below the left
coronary artery (LCA), which matched clinical observation.
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