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This study presents an image-based finite element analysis incorporating histological photomicrographs of heart valve
tissues. We report stress fields inside heart valve tissues, where heterogeneously distributed collagen fibres are responsible
for transmitting forces into cells. Linear isotropic and anisotropic tissue material property models are incorporated to
quantify the overall stress distributions in heart valve tissues. By establishing an effective predictive method with new
computational tools and by performing virtual experiments on the heart valve tissue photomicrographs, we clarify how
stresses are transferred from matrix to cell. The results clearly reveal the roles of heterogeneously distributed collagen fibres
in mitigating stress developments inside heart valve tissues. Moreover, most local peak stresses occur around cell nuclei,
suggesting that higher stress may be mediated by cells for biomechanical regulations.
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1. Introduction

It is estimated that 250,000 Americans currently suffer
from heart valve diseases (NIH 2010; Roger et al. 2012).
Therefore, the need to understand the homeostasis of
healthy valvular tissue, its dependence on cellular
mechanotransduction and mechanisms of pathogenesis is
vital. Studies have shown that heart valve diseases are
caused by disrupted tissue homeostasis in the valvular
extracellular matrix (ECM) under a variety of pathological
conditions, resulting in alterations in heart valve
microstructures, mechanical properties and other biome-
chanical regulations (Mays et al. 1988; Fung 1993; Durbin
and Gotlieb 2002; Durbin et al. 2005; Fayet et al. 2007;
Porter and Turner 2009). This is the key obstacle faced for
healthy cardiovascular function, hindering the survival and
quality of life of many patients. It has been suggested that
valvular ECM and cell functions are modulated by
mechanical forces and stretches (Carver et al. 1991;
Choquet et al. 1997; Sheetz et al. 1998; Atance et al. 2004;
Huang et al. 2007; Puklin-Faucher and Sheetz 2009;
Lewinsohn et al. 2011), where tissues respond to the
mechanical environment by growth and remodelling,
repair and degradation, and cells provide adaptive
responses, such as the synthesis and secretion of cytokines,
growth factors, and differentiation to other phenotypes
(Nakagawa et al. 1989; Mulholland and Gotlieb 1996,
1997; Taylor et al. 2000, 2003; Porter and Turner 2009). It
has been demonstrated that valve interstitial cells (VICs)
play a significant role in the maintenance and regeneration
of heart valves (Mulholland and Gotlieb 1996, 1997,

Taylor et al. 2000, 2003; Latif et al. 2006). Thus, there is a
critical need to understand matrix—cell interactions.

Recently, tissue engineering has been considered as a
potential treatment for heart valve replacements. Derived
from autologous cells seeded and grown on a polymer
scaffold, the engineered tissue has the features of self-
acting tissue repair and remodelling, which are different
from conventional replacements (El Khoury et al. 2006;
Mendelson and Schoen 2006; El Oakley et al. 2008), and
the impact from rejections of blood and tissue type no
longer takes place. However, even if tissue-engineered
heart valves have been achieved in vitro (Engelmayr et al.
2003, 2005, 2006), the difficulties for tissue-engineered
heart valve development still exist in growing a native-like
heart valve, which is able to function compatibly with
native ones.

The microstructure and mechanical properties of
native heart valves are physically critical factors in
modelling valve tissue equivalents. The specific collagen
network and numerous cells distributed over the heart
valve tissue result in an inhomogeneous heart valve
microstructure and a non-linear anisotropic material
property for the heart valve (Sacks et al. 1998; Billiar
and Sacks 2000a; Doehring et al. 2005; Joyce et al. 2009).
Collagen fibre orientation and impaction in the circumfer-
ential direction during heart valve functioning can resist
more deformation in the circumferential direction (Sacks
et al. 1998; Huang et al. 2007; Joyce et al. 2009; Cox et al.
2010); in contrast, heart valve tissue in the radial direction
is more compliant. The response of the heart valve to
external loading is anisotropic, and it is mainly due to
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collagen fibre architecture (Sacks et al. 1998, 2009; Huang
et al. 2007; Joyce et al. 2009; Cox et al. 2010).

To investigate such microstructural responses of the
heart valve in a mechanical environment, computational
simulations of heart valve tissues via finite element
analysis (FEA) have been widely applied, given a
simplified homogeneous finite element model to represent
a highly heterogeneous collagen fibre network (Li et al.
2001; Luo et al. 2003; Mohammadi et al. 2009; Koch et al.
2010). In simplified homogeneous elastic finite element
models, the stress distribution on the valve leaflet via FEA
has illustrated the relationship between the collagen fibre
orientations, fibre bundle locations and local stresses,
suggesting that the stress distribution is highly dependent
on the collagen fibre distribution (Li et al. 2001; Luo et al.
2003; Mohammadi et al. 2009; Koch et al. 2010). Some
geometric parameters are also regarded as important
factors for the mechanical behaviour of heart valve tissues,
such as leaflet diameters and thickness (Li et al. 2001;
Carew et al. 2003; Luo et al. 2003; Mohammadi et al.
2009; Koch et al. 2010).

Furthermore, isolated VICs are usually subjected to
strain via a mechanical tension system or quantified
indirectly via confocal microscopy with the linear
elasticity approximation (Lewinsohn et al. 2011). VIC-
mediated contraction is further observed to be responsive
to various growth factors and is speculated to influence
tissue mechanical properties. Moreover, it is observed that
VICs express different phenotypes with distinct mor-
phologies when seeded in matrices with different
stiffnesses in calcifying media (Yip et al. 2009). Isolated
VICs have been observed to be sensitive to their
mechanical environment and responsible for cell—cell
and cell-ECM communications, as well as ECM
maintenance (Mulholland and Gotlieb 1996, 1997; Taylor
et al. 2000, 2002, 2003; Latif et al. 2005, 2006; Chester
and Taylor 2007; Liu et al. 2007). While these
experimental approaches have successfully demonstrated
that ECM-VIC mechanical interactions play significant
roles in tissue homeostasis, it is clear that enabling the
visualisation of stress distributions inside biological
systems under physiological mechanical stimuli will
yield a greater level of understanding of biomechanical
regulation in biological systems. Previous studies are
valuable for understanding mechanical behaviours in the
heart valve tissues (Billiar and Sacks 2000b; Sun et al.
2005; Stella and Sacks 2007; Koch et al. 2010). However,
complete descriptions of heart valves cannot be delineated
in a good manner by simplified homogeneous finite
element models or a mechanism from isolated VICs.
Therefore, this study demonstrates that an image-based
finite element method with customised functionalities
simulates heterogeneous collagen fibre microstructures
and VIC populations, and further matrix-to-cell stress
transfer is virtualised and visualised in heart valve tissues.

2. Materials and methods
2.1 Photomicrograph preparation

In this study, we chose to use standard histological
photomicrographs in our image-based biomechanics study
because microstructures of ECM and cells could be
preserved for microscopic investigation. In brief, porcine
pulmonary valve leaflet samples were fixed in 10% (v/v)
buffered formalin, paraffin embedded, sectioned and
stained with haematoxylin and eosin (H&E), and the
histological slides were digitised as photomicrographs via
an optical microscope (Huang et al. 2007, 2012). Because
the field of view of the microscope at the required
magnification for high-resolution imaging was limited,
panoramic images based on the said high-resolution
photomicrographs were generated by digital concatenation
to span the entire tissue sample area of interest. Panoramic
images were constructed from four to five overlapped
photomicrographs; to render a sufficiently high-quality
panoramic image, a span of overlap of 50-70% was
required. The panoramic photomicrograph images
revealed the microstructures of the ECM and VICs. For
details, please refer to Huang et al. (2007).

2.2 Image-based finite element analysis

Because of the difficulty in describing the microstructure
in conventional FEA packages, simplified and homogen-
ised models are built to investigate microstructural
behaviour. Different from conventional FEA software,
the Object-Oriented Finite Element (OOF) software
developed by the National Institute of Standards and
Technology (Gaithersburg, MD, USA) is applied to the
analysis of the properties of generic microstructures
(Langer et al. 2001; Reid et al. 2009). By capturing a
digital microstructural photomicrograph where hetero-
geneous collagen fibre architecture and cell population are
preserved and visualised, OOF can create an image-based
FEA model with material properties specified in the
selected pixel groups on the image.

OOF is written in a blend of C++ and Python: Python
is used heavily for the user interface, whereas C++ is
reserved for performance-critical code blocks, especially
those that tend to be computationally intensive. To ensure
that all pixels in the images are assigned to a pixel group,
the study builds a pixel selection extension, whereas an
extension is a group of discrete packets of code and the
said extension can dynamically interact with a host
program as it executes. The developed pixel selection
extension integrates with the current OOF code to better
facilitate FEA for heart valve tissues. When OOF solves a
finite element problem, it is necessary to have all the pixels
in an image assigned to a particular pixel group and
thereby associated with particular material properties.
Should any pixels be missed, the results of the analysis will
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Figure 1. The developed pixel selection extension based on the HSI colour space. (a) Original histological photomicrograph of heart
valve tissue. (b) Only stained collagen fibers are selected from the original image. (c) Only stained nuclei are selected from the original
image. (d) Only empty space is selected from the original image. The extension ensures that all pixels in the images are assigned to their
appropriate pixel groups. The function of the pixel selection extension is to facilitate material property assignments in the FEA process.

Scale bar = 60 m, original magnification, 400 X .

include ‘holes’, where no material properties have been
defined. The extension uses the properties of the colours in
the image to distinguish between various objects in the
image. The hue—saturation—intensity (HSI) colour space
represents colours as a combination of the following: (1)
the shade of a colour (i.e. hue), such as blue, green, red,
yellow. (2) The vibrancy of the colour (i.e. saturation);
colours with a low saturation appear to be pale or ‘washed
out’. For example, a red hue with a reduced saturation is
pink. (3) The intensity of the colour, which refers to the
brightness of the colour, with zero intensity representing
fully dark (i.e. black). In photomicrographs of H&E-
stained porcine heart valve tissue, it has been readily
observed that VIC nuclei (stained dark blue by
haematoxylin) are associated with a low intensity
(compared with voids appearing as transparent regions in
the photomicrograph), whereas collagen fibres manifest a
relatively high saturation (Figure 1). The extension is
developed and implemented in two parts: (a) the courier
(written in C++) iterates through the pixels of the entire
image and uses the comparator to compare the value of the
component with the threshold, whereas a comparator is
one of function-object classes in the Standard C++
Library. Specifically, a comparator works as comparing
two values or arguments, and it returns a Boolean value.
The returned value should be true if the first argument
must precede the second, and false otherwise. Once
the comparison is true, then the pixel is added to the

selection. (b) The second part is written in Python and
receives values from the user interface for use in
constructing the courier. The extension helps ensure that
all pixels in the images are assigned to their appropriate
pixel groups and the developed pixel selection extension
facilitates material property assignments in the later FEA
process.

2.3 Virtual experiments on heart valve tissue
histological photomicrographs

The virtual experiments employ finite element methods to
simulate physiologically relevant biaxial stretching states
on tissues and depict changes in collagen fibre orientations
and the resultant cellular stress environment (Figure 2).
Because two-dimensional histological photomicrographs
are used in our study (Figure 2(a)), the plane stress
condition is assumed in the finite element analyses.
A 500 X 500-pixel image of an en-face pulmonary valve
leaflet photomicrograph is used for simulations with 30%
of strain stretching equibiaxially (Figure 2(b)). Quad-
rilateral plane stress elements are used in our finite element
models. The pixel is the unit used in our finite element
models; therefore, a 500 X 500-pixel finite element
model with 30% equibiaxial stretching is equivalent to a
150-pixel displacement stretching in all directions
(Figure 2(c)). To illustrate the stress transfer because
of heterogeneous collagen fibre architecture and the
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Figure 2. Virtual experiments on a pulmonary heart valve tissue
histological photomicrograph. Circumferential (x) and radial (y)
directions are denoted. (a) An en-face H&E-stained tissue leaflet
photomicrograph. (b) A section of interest with 500 X 500 pixels.
(c) Applying boundary conditions on the meshed image. (d)
Obtaining calculated stress fields in nine regions in the selected
image, 400 X .

anisotropic material property, this study conducts two sets
of virtual experiments: (a) Linear isotropic material
property is assumed and adopted in collagen fibres:
E=E,=E,= 408 kPa, v= 0.45. The value is obtained
from our experimental result around 30% biaxial
stretching (Huang et al. 2012). It is aimed to delineate
the effects of heterogeneous collagen fibre architecture. (b)
Anisotropic material property for the collagen fibres is
used, and the material property is obtained and derived
from our previous experimental findings (Huang et al.
2012). It is well recognised that heart valve tissues
experience large deformation during cardiac cycles.
A piecewise linear elastic material properties during 28—
35% of equibiaxial stretching (E,= 1457.19 kPa,
E, = 172.44 kPa and v;, = 0.45) (Huang et al. 2012) are
used to obtain the stiffness matrix (Nye 1957; Slaughter,
2001; Huang and Huang 2012). Therefore, C;; = 1493 kPa,
Cio=Cy =179 kPa, G, =176 kPa and Cgs = 217 kPa

are adopted in the anisotropic finite element model. Cell
nuclei are assumed to be isotropic materials, and E = 0.9 kPa
and v=0.45 are adopted (Huang et al. 2007). It is well
recognised, however, that biological tissues or cardiac cells
such as VICs are viscoelastic (Park et al. 2005; Lim et al.
2006; Janmey and McCulloch 2007). Considering that the
time period of cardiac loading is ~400ms, any viscoelas-
ticity of tissues and cells is not expected to contribute
significantly to simulation predictions. Voids are also
assumed to be isotropic materials with £ = 0.01 kPa and
v = 0.45. Moreover, to better visualise and quantify the stress
transfer between ECM and cell nuclei, nine regions are
defined as shown in Figure 2(d). Stress fields at each
integration point in the 500 X 500-pixel finite element
models are calculated.

3. Results and discussion

The FEA results depict the effects of the inhomogeneous
collagen fibre architectures while samples are under 30%
strain due to equibiaxial stretching. The contours of
displacements for isotropic and anisotropic models are
shown in Figure 3. The displacement in the y-direction of
the isotropic models reveals how collagen fibre distri-
bution affects displacement contours, as shown in Figure
3(b). In general, a homogenised finite element model with
isotropic material properties would provide displacement
gradients parallel to the stretching/loading directions.
Because our models incorporate heterogeneous micro-
structures, the results are distinct from other studies that do
not consider collagen fibre architectures and cell
distributions. From our selected sample (Figure 2(b)),
voids are located in the upper right and lower left corners,
and therefore, collagen fibres are shifted normal to these
directions because of the low stiffness of voids: a
displacement gradient in the y-direction then appears to
be somewhat parallel to the x-direction. Moreover, less
displacement is observed in the anisotropic models in the
x-direction, which is because of the stiffness matrix: the
components contributing to the x-direction are stiffer
than those in the isotropic models. Although the
components contributing to the y-direction are more
pliable than those in the isotropic models, less displace-
ment in the y-direction is also observed in the anisotropic
models. It is concluded that circumferential collagen fibres
have constrained the deformation in the radial direction,
the y-direction. Therefore, complete descriptions of heart
valves could be delineated by finite element models
incorporating heterogeneous collagen fibres and cell
distribution.

To better visualise how mechanical stresses are
transferred from ECM to cell nuclei under 30% strain
stretching equibiaxially, stress fields for both isotropic and
anisotropic models are shown in Figure 4. Figure 4 (a)—(c)
presents stress fields in the isotropic finite element models,
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Figure 3. (a), (b) Contours of displacement in x- and y-directions for isotropic models. Colour key: blue = — 150 (pixel) and red = 150
(pixel). (c), (d) Contours of displacement in x- and y-directions for anisotropic models. Colour key: blue = — 70 (pixel) and red = 90
(pixel). Less displacement is observed in the anisotropic models in the x-direction because of the stiffness matrix: the components
contributing to the x-direction are stiffer than those in the isotropic models. However, the components contributing to the y-direction are
more pliable than those in the isotropic models; less displacement in the y-direction is also observed in the anisotropic models. It is
concluded that circumferential collagen fibres have constrained the deformation in the radial direction, the y-direction.

and Figure 4 (d)—(f) presents stress fields of the anisotropic
finite element models under 30% equibiaxial stretching. In
addition, two locations are selected to represent the
mechanical interaction between ECM and cells for both
isotropic and anisotropic models. Stress values at selected
locations are shown in Table 1 and Figure 4 to delineate the
effects of collagen fibre architectures and material
properties.

Stress concentrations of o, are observed around the
perimeters of cell nuclei in Figure 4(a). However, smaller
stress concentrations for oy, are found in Figure 4(b).
Because E, = E, = 408 kPa are used for the isotropic
models, the different values and locations of stress
concentrations are mainly attributed to the inhomogeneous
collagen fibre and cell nuclei distributions. Shear stresses
are shown in Figure 4(c), and different locations of peak

Table 1. A comparison of stress fields at two locations with two material properties inside heart valve tissue photomicrographs.

Location 1
(185, 360)

Location 2
(220, 270)

Stress fields
Isotropic materials

Anisotropic materials

Isotropic materials Anisotropic materials

(kPa) (kPa) (kPa) (kPa)
Oyx 3361.82 753.03 2231.11 978.68
oy 1635.81 86.93 967.82 84.06
Oy —781.95 —192.21 —733.53 —96.69
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Figure 4. Stress concentrations are observed around perimeters of cell nuclei, and the associated values are different at selected
locations, where location 1 with coordinates (185, 360) is denoted by an arrow and location 2 with coordinates (220, 270) is denoted by a
circle. (a), (b) Isotropic finite element models under 30% equibiaxial stretching. oy, = 3361.82 kPa and oy, = 1635.81 kPa at location
1.0y, =2231.11 kPa and oy, = 967.82 kPa at location 2. Colour key: blue = — 1500 kPa and red = 5500 kPa. (¢) o, = —781.95 kPa
atlocation 1 and o, = —733.53 kPa at location 2. Colour key: blue = — 1400 kPa and red = 200 kPa. (d),(e) Anisotropic finite element

models under 30% equibiaxial stretching. o, = 753.03 kPa and o,
location 2. Colour key: blue = 0 kPa and red = 1300 kPa. (f) o,

= 86.93 kPa at location 1.0y, = 978.68 kPa and oy, = 84.06 kPa at
= —192.21 kPa at location 1 and o,, = —96.69 kPa at location 2.

Colour key: blue = —200 kPa and red = 200 kPa. Stress values are also listed in Table 1 to aid comparison.

shear stresses are observed, compared with the ones in
Figure 4(a),(b). Based on the nature of isotropic materials,
it is suggested that inhomogeneous collagen fibre
architectures and cell nuclei distribution play a significant
role in how stresses are transferred from ECM to cell
nuclei.

From Figure 4(d),(e), smaller values in stresses are
observed compared with those in the isotropic models.

Stress concentrations are observed around the perimeters
of cell nuclei, and the locations are very different from
ones from the isotropic models. oy, in Figure 4(e) has a
smaller value than o, in Figure 4(d), mainly because
of the stiffness matrix: the components contributing
to the x-direction are stiffer than those contributing to the
y-direction in the anisotropic models. The distribution of
the stress concentrations is also different from those
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observed in Figure 4(d) of the anisotropic model and
Figure 4(b) of the isotropic model. Shear stresses o, in the
anisotropic finite element model via 30% equibiaxial
stretching are also reported (Figure 4(f)). Different
locations for the stress concentration are observed,
compared with the ones in the isotropic model in Figure
4(c). Smaller o, values in the anisotropic models than
ones in the isotropic model are also observed. It is further
suggested that stress distribution in biological tissues and
ECM-cell stress transfer could be greatly delineated via
simulations incorporating anisotropy material property,
inhomogeneous collagen fibre architectures and cell nuclei
distribution.

Stress values at selected locations further revealed the
effects of collagen fibre architectures and material
properties (Table 1). A location indicated by an arrow
with coordinates (185, 360) has stresses of o, = 3361.82
kPa, oy, =1635.81 kPa and o, = —781.95 kPa for
models using isotropic material properties (Table 1). Finite
element models with anisotropic material properties at the
same location has stresses of o, = 753.03 kPa,
o,, = 86.93 kPa and o,, = —192.21 kPa (Table 1). It is
suggested that anisotropic material properties mitigate
stress formation in heart valve tissues. Moreover, the
circled location with coordinates (220, 270) has stresses of
0y = 2231.11 kPa, o, = 967.82 kPa and o, = —733.53
kPa for models using isotropic material properties (Table
1). The stress fields at this location for tissue with
anisotropic material properties are o, = 978.68 kPa,
0,y = 84.06 kPa and o0,, = —96.69 kPa (Table 1). Similar
trends of stress relaxation are observed in models using
anisotropic materials. Comparing two selected locations
where location 2 is further away from the boundary, it is
expected that lower stresses would be found in location 2
for isotropic models. However, a different result is found in
anisotropic models, in which the oy, and o, values for
locations 1 and 2 are comparable (less location
dependent). Interestingly, the ratio of stresses between
the x- and y-directions are between 2 and 3 for isotropic
materials (o L,/ a';y = ~2) and are between 9 and 11 for
anisotropic materials (o )‘;/(rfv =9 — 11), regardless of the
selected locations.

4. Conclusions

To the authors’ knowledge, this is the first study reporting
stress fields inside porcine heart valve tissues. The FEAs
incorporate collagen fibre and cell nuclei distributions, in
addition to the measured anisotropic material properties
(Huang et al. 2012). A number of FEA studies have
utilised elastic isotropic or anisotropic materials, and their
results suggest that the stress distribution is highly
dependent on collagen fibre distribution (Li et al. 2001;
Luo et al. 2003; Mohammadi et al. 2009; Koch et al.
2010). However, the homogeneous collagen fibre distri-

butions generally adopted in these studies exclude any
cells in the models. Here, we demonstrate a different
approach by incorporating both microstructure and
anisotropic material properties, and the study discusses
how the aforementioned properties affect the stress fields
of cells inside ECM. This study provides stress distribution
in biological tissues and ECM-—cell stress transfer via
simulations. The result shows that collagen fibre
architectures, cell nuclei distribution and anisotropic
material properties are key factors in the transfer of
stresses from ECM to the cells inside heart valve tissues.
A parametric study incorporating changes in the
orthogonal stiffness matrices at different stages of strain
stretching (0—18%, 18—-28% and 28 -35%) was conducted
and published elsewhere (Huang and Huang 2013). The
aim was to further understand the important effects of
changing anisotropic material properties during cardiac
cycles.

Moreover, several studies have used different imaging
systems to delineate collagen fibre architectures in heart
valve tissues: the small-angle light scattering method
utilises a 4-mW HeNe (A = 632.8nm) continuous
unpolarised wave laser to gain information about tissue
structure (Sacks et al. 1998). Polarised light microscopy is
used to visualise the heart valve tissue leaflets at the
intermediate scale, and branching fibre bundles and
membrane structure could be easily observed (Doehring
et al. 2005). Furthermore, polarimetric fibre alignment
imaging systems are used to bridge between in vitro
collagen fibre distribution measurements and in silico
multiscale modelling of heart valve tissues. Nevertheless,
cell populations are excluded from these images. In
contrast, we have incorporated randomly distributed cell
nuclei from the histological photomicrographs and there-
fore better depict stress distributions inside heart valve
tissues.

This study is able to reveal the roles of hetero-
geneously distributed collagen fibres and anisotropic
materials in mitigating stress developments inside heart
valve tissues (Figure 4). Different stress distributions in
the circumferential and radial directions are clear from the
isotropic models (Figure 4(a),(b)), whereas anisotropic
models exhibit similar behaviours in the stress distribution
in the circumferential and radial directions (Figure
4(d),(e)). Moreover, most local peak stresses observed in
both directions occur around cell nuclei. Because cells are
generally more pliable than ECM, such higher stress
values may be mediated by cells for biomechanical
regulations.

It is known that the internal inhomogeneous compo-
sition, such as cell distribution, has a great influence on the
mechanics of the heart valve, such as the deformation of
VICs (Huang et al. 2007; Langevin et al. 2010). VICs are
regarded as regulators associated with synthesising and
maintaining the valvular ECM to provide a structural
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framework that is because of the unique profiles of
molecular expression in cell-cell and cell-ECM
adhesion, as well as the observation that age-related
decreases in VIC numbers accompany collagen fibre
degeneration (Latif et al. 2005, 2006). The abilities of
VICs to communicate with each other and with the ECM
and to respond to their environment basically support the
mechanisms that allow heart valves to function in an
optimal and efficient manner (Chester and Taylor 2007).
Furthermore, structure—mechanics—property relations are
tightly coupled in the biomechanical regulation of the
tissue homeostasis induced by the alterations in cellular
phenotype and morphology (Mays et al. 1988; Fung 1993;
Durbin and Gotlieb 2002; Fayet et al. 2007). It has been
observed that VICs are sensible to the mechanical
environment, and the VICs’ phenotypes and functions
can be changed to mediate the tissue microstructure by
mechanical stimuli (Choquet et al. 1997; Schwarzbauer
1997; Sheetz et al. 1998; Atance et al. 2004; Huang et al.
2007; Puklin-Faucher and Sheetz 2009). These facts
suggest that ECM and cell functions are modulated by
mechanical forces and stretches. Therefore, the result of
this study helps provide insights into alterations in heart
valve microstructure, mechanical properties and other
potential biomechanical regulations resulting from heart
valve diseases, which are caused by the disrupted tissue
homeostasis under a variety of pathological conditions.
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