
 

 

 

  

Abstract— The heart valve tissue mainly contains collagen 
fibers and valve interstitial cells (VICs) and constantly 
experiences different stress states during cardiac cycles.  Due to 
the anisotropic architecture of collagen fibers and highly 
inhomogeneous cell population, the mechanical behavior of the 
heart valve becomes more complicated.  It is known that 
external mechanical stimuli can lead to extracellular matrix 
(ECM) remodeling, cellular mechanotransduction, cell 
migration, and collagen synthesis; however, the mechanism of 
matrix-to-cell stress transfer remains unclear. Current study 
presents heterogeneously distributed collagen fibers responsible 
for transmitting forces into cells by an image-based finite 
element analysis incorporating histological photomicrographs 
of porcine heart valve tissues. Besides, nonlinear and 
anisotropic material properties tissue models are incorporated 
to quantify and visualize the overall stress distributions in heart 
valve tissues.  By establishing an effectively predictive method 
with new computational tools and by performing virtual 
experiments on the heart valves, the role of load transmission in 
heart valves is clarified. The current study completely 
illustrates the stress distribution around cells and demonstrates 
the force transmission and reception between cells and matrix 
in the heart valve tissue. Therefore, our developed image-based 
finite element models provide new insights not only into 
clarifying the role of the force transmission and reception 
between heterogeneously distributed collagen fibers, but also a 
better understanding of relationships between the mechanical 
stimuli, cellular mechanotransduction, cell migration, matrix 
synthesis, and tissue remodeling in heart valves. 
 

I. INTRODUCTION 
 

During the cycles of systole and diastole, heart valves are 
passive tissues that persistently open to allow blood to flow 
forward and close to prevent blood from flowing backward 
[1, 2].  The defective structure and improper functions of 
heart valves directly affect blood supply for circulation or the 
heart workload.  To date, there have been at least 250,000 
people suffering heart valve diseases in the United States [3, 
4], and the population is rapidly expanding.  Tissue 
engineering is considered as a potential treatment for heart 
valve replacements, and the distinct difference from 
conventional replacements is self-acting tissue repair and 
remodeling [5-7].  Tissue-engineered heart valves in vitro are 
derived from autologous cells growing on the polymer 
scaffold and completely biocompatible to overcome defects 
of rejection of blood type and tissue type.  However, it is still 
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unclear how well the tissue-engineered valves would be 
cultured and how comparable to the behavior of the native 
heart valves.  Therefore, it is important to understand the 
microstructure and mechanical properties of native heart 
valves and establish native-like functional parameters to 
produce tissue equivalents. 

Collagen fibers in heart valves are with inhomogeneous 
microstructure and nonlinear anisotropic properties, and they 
constantly experience different stress states during cardiac 
cycles [8-10].  It is well known that collagen fiber alignment 
and impaction occur in the circumferential direction during 
heart valves functioning [11-13].  This anisotropic feature of 
heart valve tissue can resist deformation in the 
circumferential direction more than in the radial direction.  
Studies have presented nonlinear anisotropic mechanical 
properties derived by biaxial tension testing as well as 
quantification of collagen fibers to understand the 
microstructure response of the heart valve to force loads [1, 
11-14].  In the tissue level, the computational simulation of 
heart valves has been widely applied, given the simplified 
homogeneous model containing the highly heterogeneous 
collagen fiber network [15-18].  The finite element analysis 
(FEA) is a popular method to simulate the soft structure and 
solve the mechanical problems in the heart valve design.  A 
number of studies have demonstrated linear homogeneous 
elastic isotropic or anisotropic models used for simulations 
of the heart valve in stress field, suggesting stress 
distribution is dependent on collagen fiber distribution [15-
17].  In the cellular level, the isolated VICs have provided an 
understanding of sensibility to the mechanical environment, 
cell-cell or cell-ECM communication, and the ECM 
maintenance [19-23]. Observations of VICs have clarified 
biomechanical properties of heart valve generally 
corresponding with functions of VICs modulated by the 
mechanical force environment [14, 24-28]. 

Although the work mentioned above is beneficial to 
understand mechanical properties of the heart valve, neither 
the numerical simulation of stress distribution in simplified 
homogeneous models nor the biomechanical regulation of the 
isolated VIC can describe the complete behavior of heart 
valves in a good manner.  How external mechanical forces 
can translate into altered cellular stress states as well as 
biomechanical regulation in the heart valve remains unclear.  
In the current study, an image-based automated FEA used for 
a nonlinear anisotropic model is incorporated to conduct 
virtual experiments to better visualize the overall stress 
distributions in porcine heart valve tissues.  The current study 
demonstrates the force transmission and reception between 
cells and matrix in the heart valve tissue, and it may be 
expectable to provide new models for better understanding 
tissue-cell interactions in heart valves as well. 
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II. MATERIALS AND METHODS 
 

A. Imaged-Based Finite Element Analysis 
 

A number of parameters are considered to be dependent 
on microstructural details.  Due to the difficulty to describe 
the microstructure in conventional FEA, simplified models 
are built to investigate microstructural behavior.  Different 
from conventional FEA software, the Object-Oriented Finite 
Element (OOF) software developed by the National Institute 
of Standards and Technology (Gaithersburg, MD) is applied 
to the analysis of the properties of generic microstructures 
[29, 30].  By capturing a digit microstructural picture where 
heterogeneous collagen fiber architecture and cell population 
are visualized, 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, while C++ is reserved for 
performance-critical code blocks, especially those that tend 
to be computationally intensive.  The study builds two code 
extensions (discrete packets of code that can dynamically 
interact with a host program as it executes) that, integrated 
with the current OOF code, facilitate an automated finite 
element analysis for heart valve tissues. The extensions are 
discussed as follows: (1) a pixel selection extension and (2) 
a collagen fiber material properties extension. 

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 
FEA include “holes” where no any material properties are 
assigned.  In order to ensure that all pixels in the images are 
assigned to a pixel group, a pixel selection extension is 
developed.  The extension uses the properties of the colors in 
the image to distinguish between various objects in the 
image.  The hue-saturation-intensity (HSI) color space 
represents colors as a combination of items as following: (1) 
the shade of a color (i.e., hue), such as blue, green, red, 
yellow, etc.  (2) The vibrancy of the color (i.e., saturation); 
colors 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 color, which refers to the 
brightness of the color, with zero intensity representing fully 
dark (i.e., black).  In photomicrographs of hematoxylin and 
eosin (H&E) stained heart valve tissue, it has been readily 
observed that VIC nuclei (stained dark blue by hematoxylin) 
are associated with a low intensity (compared to voids 
appearing as transparent regions in the photomicrograph), 
while collagen fibers manifest a relatively high saturation.  
The extension is developed and implemented in two parts: (a) 
the courier (written in C++) iterates through the entire image 
pixels and uses the comparator to compare the value of the 
component to the threshold.  Once the comparison is true, 
that 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 function facilitates material 

property assignments in the later finite element analysis 
process.  

 

 
Figure 1.  Virtual experiments on pulmonary heart valve tissue histological 
photomicrographs. (a) An en-face tissue photomicrograph (H&E stained). 
(b) A section of interest. (c) Applying boundary conditions on the meshed 
image. (d) Obtaining calculated stress fields in nine regions on the image. 
Scale bar=10µm, x400. 
 

B. 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 fiber orientations and 
the resultant cellular stress environment (Fig. 1).  The 
porcine pulmonary valve tissue is prepared with H&E stains; 
photomicrographs are obtained via an optical microscope.  
The en-face pulmonary valve leaflet (400x) is used for the 
stretching simulation with applied external 30% of strain 
(Fig. 1c).  Histological photomicrographs capturing collagen 
fibers microstructure and cell morphology are incorporated 
into the FEA.  Due to the heterogeneous distribution and 
undulated morphology of collagen fibers, anisotropic and 
nonlinear material properties are features of heart valve 
tissues.  The piecewise linear elastic anisotropic material 
properties under different strain stretching are published 
somewhere else [31] (Table 1) and are used to transformed 
into orthotropic stiffness matrices [32]. Therefore, three 
stiffness matrices of the pulmonary heart valve tissue are as 
follows: 0-18% strain: C11=14 kPa, C12=C21=7 kPa, C22=16 
kPa, C66=4 kPa; 18-28% strain: C11=418 kPa, C12=C21=23 
kPa, C22=51 kPa, C66=61 kPa; 28-35% strain: C11=1,493 
kPa, C12=C21=79 kPa, C22=176 kPa, C66=217 kPa.  In all 
these three strain zones, !12=0.45 is used for collagen fibers, 
and it is determined via !!!" !! !!!!" !! [32] [33]. Cells 
and voids are assumed to be isotropic materials (Ecell=0.9 
kPa and !cell=0.45; Evoid=0.01 kPa and !void=0.45) [14].  To 
illustrate the importance of adopting anisotropic materials 
property, in addition to the heterogeneous distributed 
collagen fibers, the current study also provides another set of 
virtual experiment results by using isotropic material 
properties in collagen fibers: E=Ex=Ey=408 kPa, !=0.45.   

 

TABLE I. MODULUS OF VALVULAR TISSUES AT VARIOUS STRAINS 
Modulus E 0-18% of  

Strain 
18-28% of 

Strain 
28-35% of 

Strain 
AV C-dir. (kPa) 89.1±4.63 825.11±29.19 1577.17±53.69 
AV R-dir. (kPa) 33.94±1.37 116.43±4.15 324.93±9.84 
PV C-dir. (kPa) 11.31±0.79 408.23±18.34 1457.19±58.1 
PV R-dir. (kPa) 11.67±0.61 50.16±2.01 172.44±5.24 

 
III. RESULTS AND DISCUSSION 

The FEA results depict the distinct feature of the 
inhomogeneous collagen fiber microstructure illustrating on 



 

 

 

how mechanical stresses are transferred to cells under biaxial 
stretching.  The region 5 from Fig. 1 is selected to represent 
the mechanical interaction between ECM and cells (Fig. 2).  
In the isotropic model, there is a difference between stress 
values in the circumferential direction and the radial 
direction: "xx=2231.11 kPa and "yy=967.82 kPa, respectively.  
The stress distribution is not uniform in this isotropic model 
due to the inhomogeneous microstructure of the heart valve 
tissue.  Though the material property plays an important role 
to affect the stress field of the valve tissue, the mechanical 
stress transmitting from the ECM to cells may not be 
corresponding well with the assumption of isotropy (Fig. 2a 
and 2b).  The unanticipated results are caused by the effects 
of the collagen fiber orientation and the distributions or 
shapes of cells, rather than the material property alone. 

 In contrast, results from the anisotropic FEA models 
reveal the mechanisms of how stresses are transferred from 
ECM to cells.  Circled locations (Fig. 2c and 2d) have the 
same coordinates as ones with arrows in Fig. 2a and 2b.  
Results show that "xx=978.68 kPa and "yy=84.06 kPa in Fig. 
2c and 2d, respectively.  It is suggested that the anisotropic 
material property plays a significant role in how ECM 
stresses are transferred into cells.   In addition, differences 
between the stress distribution in the circumferential and 
radial directions are clear in the anisotropic models, whereas 
isotropic models exhibit similar manners in the stress 
distribution in the circumferential and radial directions.  
Nevertheless, the anisotropic property mitigates stress 
concentrations and leads to lower stress fields in heart valve 
tissues.  Moreover, most local peak stresses observed in both 
directions occur around cells.  Since cells are generally more 
compliant than ECM, such higher stress values may be 
mediated by VICs for biomechanical regulations. 

A number of FEA studies utilized elastic isotropic or 
anisotropic materials, and their results suggest that the stress 
distribution is highly dependent on collagen fiber distribution 
[15-18]. However, the homogeneous collagen fiber 
distributions generally adopted in these studies are excluding 
any cells in the models.  Here, we demonstrate a different 
approach by incorporating both of the collagen fiber 
architecture and nonlinear anisotropic material property, and 
we further discuss how the aforementioned properties affect 
on stress fields of cells inside ECM.  In addition, current 
study provides 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 [34-
37]. 
 It is known that the internal inhomogeneous composition, 
such as the cell distribution, has a great influence on the 
mechanics of the heart valve, like the deformation of VICs 
[14, 38]. VICs are regarded as a regulator associated with 
synthesizing and maintaining the valvular ECM to provide a 
structure framework due to the unique profiles of cell-cell 
and cell-ECM adhesion molecule expression [21, 39] as well 
as the observation that age-related decreases in VIC numbers 
accompany collagen fiber degeneration.  The abilities of 
VICs to communicate with each other, 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 [23].  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 [34-
37].  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 [14, 24-28], which suggests that ECM 
and cell functions are modulated by mechanical forces and 
stretches.  Tissues respond to the mechanical environment by 
growth and remodeling, repair, and degradation, and cells 
provide adaptive responses, such as the synthesis and 
secretion of cytokines, growth factors, ECM and 
differentiation to other phenotypes.  To response to 
inappropriate stimuli, VICs may participate in processes that 
lead to valve degeneration and calcification.  It is also 
important to understand the complex physiology and 
pathology of VICs and biomechanical regulation of valve 
function by VICs from the cell level to the tissue level. 
 

 
Figure 2. Stress distribution in region 5 of Fig. 1 via virtual experiments 
under 30% equal-biaxial stretching.  (a) and (b)  FEA results with isotropic 
materials properties. Arrow: "xx=2231.11 kPa and "yy=967.82 kPa).  (c) and 
(d) FEA results with anisotropic materials properties.  Circled: "xx=978.68 
kPa and "yy=84.06 kPa.  The result indicates anisotropic materials property 
play a significant role in how ECM stress is transferred into cells. 

 
IV. CONCLUSIONS 

To develop native-like functional parameters to produce 
tissue equivalents in the field of the heart valve repair, it is 
important to understand the microstructure and material 
properties of native heart valves, as well as the mechanism of 
cellular mechanical reaction to the ECM. By using 
computational tools, the simulation provides a good estimate 
for better understanding the biological system.  A great 
number of studies have demonstrated and clarified the unique 
behavior of the heart valve by simulations of simplified 
homogenous models or analyses with isolated cells in the 
ECM.  Nevertheless, the tissue in reality includes numerous 
embedded VICs (inhomogeneity) and specific fiber 
orientation (nonlinear anisotropy materials).  The purpose of 
this study is concerned with the investigation of cell-matrix 



 

 

 

mechanical interactions in heart valves and provides a better 
understanding of the relationships between the mechanical 
stimuli and cellular mechanotransduction, cell migration, 
matrix synthesis, and tissue remodeling in the heart valves.  
By establishing the effectively predictive method with new 
computational tools and performing virtual experiments on 
the heart valves, the role of load transmission in heart valves 
is clarified.  The results clearly indicate that the matrix is 
more compliant in the radial direction and heterogeneously 
distributed collagen fibers are responsible for transmitting 
forces into cells, especially in the circumferential direction.  
The stress distribution around cells is completely illustrated.  
These findings will benefit to comprehend fundamentals of 
structure-mechanics-property reaction as well as the 
biomechanical regulation mediating cell-matrix interactions.  
In addition, the results of the proposed work will be practical 
to clarify or evaluate the relation of the tissue 
microarchitecture and load transmission in a variety of tissue 
growth. 
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