
ABSTRACT 

HUANG, SIYAO.  Investigation of Structure-Mechanics-Property Relations in Heart Valve 

Tissues.  (Under the direction of Dr. Hsiao-Ying Shadow Huang). 

 

  The microstructure and the mechanical property of the heart valve are physically 

critical factors in modeling the valve tissue equivalent.  The heart valve tissue has a complex 

microstructure primarily containing collagen fibers and valve interstitial cells (VICs).  The 

extracellular matrix (ECM) of the heart valve tissue, where collagen is the main component, 

provides strength to support the structure of the tissue.  The inhomogeneity of the collagen 

fiber architecture gives rise to the nonlinear anisotropic material property of the tissue.  

Besides, to respond mechanical loads, VICs mediate a series of bioregulations for ECM 

remodeling such as homeostasis, collagen synthesis, and collagen degradation through 

collagen fibers, which further result in changes of the material behavior corresponding to 

mechanical stimulation.  Due to the inhomogeneous architecture of collagen fibers and 

randomly distributed cell population, the mechanical behavior of the heart valve tissue 

becomes more complicated during cardiac cycles. 

Heart valves open and close correctly and persistently during cardiac systole and 

diastole for blood circulation.  It is a widely acknowledged health concern that heart valve 

diseases lead to defective structures and improper functions of heart valves to directly influence 

the blood circulation and the heart workload.  To date, at least 250,000 people are suffering 

heart valve diseases in the United States, and the population keeps rising.  Studies have 

indicated that heart valve diseases are caused by the disrupted tissue homeostasis under a 

variety of pathological conditions, resulting in alterations in heart valve microstructures, 

mechanical properties, and other biomechanical regulations. 



Severe collagen depletion is one of disordered tissue remodeling caused by matrix 

metalloproteinases (MMPs) that pathologically induces matrix destruction, changes the 

viscoelastic property of the heart valve tissue, further affects cellular regulations mediated by 

VICs, and even leads to heart valve diseases.  With application of collagenase simulating 

collagen degradation by MMPs, this study focuses on characterizing stress-relaxation 

behaviors of fresh porcine heart valve tissues and collagenase-treated ones under different 

stretching conditions.  Moreover, the collagen concentration is measured to provide 

biochemical information related to the mechanical stress relaxation.  The results reveal the 

sensitivity of collagen fibers to proteolytic degradation.  The decrease in the stress state of the 

heart valve tissue is associated with the stretching level and the collagenase concentration.  

Stress is further decreased after applying collagenase, and a larger stress drop results from a 

higher strain level and/or a higher collagenase concentration.  Therefore, the current study 

provides important links between several factors: collagen degradation, activities of matrix 

metalloproteinases, collagen fiber directions, and mechanical stimulations. 

It is known that heart valves constantly experience different stress states during cardiac 

cycles; however, how these mechanical stimuli translate into extracellular matrix remodeling, 

cellular mechanotransduction, cell migration, and collagen synthesis are still unclear.  

Although the computational simulations of heart valve tissue have been widely studied via the 

homogenization of collagen fiber distribution or the simplified representation of the highly 

heterogeneous collagen fiber network excluding the cell population, the matrix-to-cell stress 

transfer is underestimated.  Meanwhile, VIC regulations have been investigated from cells 

generally isolated from the matrix prior to adhesion molecule characterization; thus, tissue-cell 

mechanical interactions have not been fully characterized in the native in vivo environment in 



which they normally operate.  To demonstrate heterogeneously distributed collagen fibers 

responsible for transmitting forces into cells, this study introduces a virtual experiment via an 

image-based finite element analysis incorporating a histological photomicrograph of a porcine 

heart valve tissue.  Furthermore, the evolution of stress fields at both the tissue and cellular 

levels is reported to contribute toward refining our collective understanding of valvular tissue 

micromechanics while a computational tool is provided to further study of valvular cell-matrix 

interactions.  
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CHAPTER 1     

INTRODUCTION 

 

 

To date, there have been at least 250,000 people suffering heart valve diseases in the 

United States [1, 2], and the population is rapidly expanding.  Heart valve diseases are caused 

by the disordered tissue homeostatic mechanisms that pathologically vary the microstructure, 

material properties, or specific chemical concentrations and properties of the heart valve tissue.  

These diseases may be related to congenital abnormality, bacterial infection, inflammation, or 

mutation of the valve, and excessive calcification, which weaken or fail the function of the 

valve.  In recent years, repair techniques of surgery for degenerative valve diseases, such as 

valve leakage caused by aortic disease or associated ventricular septal defect, have become a 

matter of concern for people [3].  Currently, mechanical and biological prostheses are the two 

major heart valve replacement options.  However, these heart valve treatments accompany 

risks including thrombosis, immune response, or tissue degeneration.  Due to the rapid increase 

of the population of patients, it is important to develop a more effective heart valve replacement 

method to improve existing treatments for heart valve diseases.  Tissue engineering, a 

multidisciplinary study involving biology, biochemistry, material science, and biomechanical 

engineering, is applied to rebuilt or improve biological functions from growth of cells to 

functional tissues and organs.  Therefore, tissue engineering is considered as a potential 

treatment for heart valve diseases, and the distinct difference from conventional heart valve 

replacements is self-acting tissue repair and remodeling [3-5].  However, it is still unclear how 
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well the tissue-engineered valves would be cultured and how comparable to the behavior of the 

native heart valves.  Therefore, it is necessary to better understand the microstructure and 

mechanical properties of native heart valves and establish native-like functional parameters to 

produce tissue equivalents. 

 

1.1    Overview 

 Aortic valves (AVs), pulmonary valves (PVs), mitral valves, and tricuspid valves are 

four types of valves in a heart (Figure 1.1), which are passive tissues that are directed to open 

and close due to inertial forces exerted by the surrounding blood [6].  The cardiac valve consists 

of several layers of specific tissues extending from the base of the valve to the free edge.  AVs 

and PVs are outflow valves, and layers of these semilunar valves include the fibrosa, the 

spongiosa, and the ventricularis.  Mitral and tricuspid valves are atrioventricular valves, and 

they have the same three layers and an additional layer called atrialis beneath the atrial surface.  

The fibrosa contains collagen bundles that extend from the annulus to the leaflet while the 

spongiosa is a layer of connective tissue extending from the annulus to the leaflet.  The main 

component of the ventricularis layer is elastic fibers, which continue and extend into the outer 

region.  The atrial contains elastic fibers and smooth muscle cells. 
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(a) 

 
 

                                                           (b) 
 

 
Figure 1.1    The anatomy of porcine heart valves.  (a) Cross-section top view of the heart.  

There are three valve leaflets for both aortic and pulmonary valves shown in the schematic 

heart (http://reidhosp.adam.com/content.aspx?productId=39&pid=1&gid=002954&print=1 

).  (b)  Three dissected leaflets.  The length of each valve leaflet is 2-3 cm. 
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1.1.1    Collagen-Aligned Microstructure of the Heart Valve 

The extracellular matrix (ECM) is composed of collagen fibers, elastin, and 

glycosaminoglycans, which act together to provide the mechanical integrity and the tissue 

structure in heart valves [7-9].  Collagen fiber orientation and impaction in the circumferential 

direction lead to the heart valve more compliant in the radial direction [10-13] (Figure 1.2a).  

It is observed that collagen fiber alignment and impaction occurring in the circumferential 

direction during heart valves functioning enable the tissue to withstand deformation [10, 12, 

13].  Recently, new techniques have been developed to determine the orientation and the 

response of collagen fibers in the non-embedded tissue using optical methods.  Doehring, 

Kahelin and Vesely have shown collagen fiber bundles and membranes in the right coronary 

valve leaflet by using circular polarized light [14] (Figure 1.2b).  In order to understand the 

microstructural response of the AV to pressure loading, small-angle light scattering (SALS)  

 

  (a)                                    (b)                                            (c)                                         

    
 

Figure 1.2    Collagen fiber distribution of the heart valve.  (a) The collagen fiber orientation 

and impaction are in the circumferential direction.  C and R denote circumferential and radial 

directions, respectively.  (b)-(c) A heart valve leaflet is viewed via (b) polarized light 

microscopy [14], and (c) a small-angle light scattering method [10].  Nevertheless, cell 

populations and morphology are excluded in these images. 
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has been used to quantify collagen fibers of valve cusps by Sacks, Smith, and Hiester [10] 

(Figure 1.2c).    Besides, studies have presented nonlinear anisotropic material properties of 

heart valve tissues derived by biaxial testing to understand this collagen-orientated 

microstructure response of the tissues [10-13, 15, 16].   

 

1.1.2    Distributed Cardiac Valve Interstitial Cells 

There are also four types of cells in a valve tissue: endocardial cells, cardiac muscle 

cells, smooth muscle cells, and cardiac valve interstitial cells.  The surface of the valve is 

covered by endocardial cells.  Cardiac muscle cells extend into the bases of mitral and tricuspid 

valves while smooth muscle cells distribute in arterioles and venules.  The most common cell 

type in the valve tissue is cardiac valve interstitial cells (VICs), which are found in all layers 

of valves and are considered to secrete the matrix of the valve tissue where VICs are embedded 

[17-19].  VICs are the most prevalent cell type in heart valve tissues and have a heterogeneous, 

dynamic population of specific phenotypes that have many unique characteristics [17-25] 

(Figure 1.3).  They express a complex form of cell-surface, cytoskeletal, and muscle proteins.  

Furthermore, it is regulated by VICs that the ECM maintain the structural integrity of the valve 

matrix, optimize the biological function of the valve, and provide the mechanical 

characteristics to support the function of the valve. 
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Figure 1.3    The microstructure of the heart valve tissue by histology [26] (left) and 

fluorescent microscopy (right).  VICs (black dots) are randomly distributed in collagenous 

matrix (pink) shown in the histological photomicrographs.  Similarly, the fluorescent 

photomicrograph exhibits numerous VIC nuclei (light blue) attaching to the collagen fibers 

(green).  Histological and fluorescent specimens are dyed with Hematoxylin and Eosin 

(H&E) stain and DAPI, respectively.  The histology is performed with Leica DMLB Optical 

Microscope, 400×; the fluorescent microscopy is performed with Zeiss Axio Imager M2 

Microscope. 

 

1.1.3    Structure-Mechanics-Property Relations of the Heart Valve Tissue 

The microstructure and mechanical properties of the native heart valve tissue are 

physically critical factors in modeling the valve tissue equivalent.  The specific collagen 

network and numerous cells distributing over the heart valve tissue result in an inhomogeneous 

microstructure and the nonlinear anisotropic material property of the heart valve tissue.  The 

mechanical stresses and strains are considered as key factors for the structure-mechanics-
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property relations tightly coupled in the biomechanical regulation of the heart valve tissue 

homeostasis.  It is known that heart valves constantly experience different stress states during 

cardiac cycles.  At the tissue level, studies have shown that from a computational biomechanics 

perspective, the tissue has previously been modeled as a homogeneous medium, thereby 

underestimating tissue-cell mechanical interactions due to the simplified representation of the 

highly heterogeneous collagen fiber network [27-30].  At the cellular level, isolated VICs 

obtained experimentally are observed to be modulated by mechanical force environment [11, 

19, 21, 22, 24, 25, 31-35].  VICs are able to change their phenotypes and functions to mediate 

the tissue microstructure by sensing mechanical stimuli, and the tissue responds to the 

mechanical environment to undergo growth, remodeling, repair, or differentiation [11, 33-37].  

That is, the functions and morphology of VICs triggered by mechanical forces induce 

biomechanical regulation, such as contraction, collagen synthesis, and ECM remodeling [11, 

31-35].  

In addition, the structural deterioration and variations of components in tissues caused 

by abnormal collagen remodeling are discovered in diseased heart valves.  The structural 

deterioration and dysfunction are mediated by VICs with alterations in cellular phenotype and 

morphology initiated by the unusual mechanical environment [3-5, 7, 8, 38-43].  Impacts of 

collagen degradation on biomechanical regulations in matrix by VICs have been 

comprehensively demonstrated.  However, it is unknown that the mechanical behavior and the 

viscoelastic property of the heart valve tissue varying with collagen degradation are correlated 

with the mechanical force. 
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A simple approach has been provided for quantifying biomechanical and biochemical 

properties of semilunar heart valve tissues, and potentially facilitates the development of tissue 

engineered heart valves [16].  The interplay of the microstructure and the mechanical property 

of the heart valve tissue has been provided via detecting real-time displacement and strain 

mapping and with special emphasis on collagen content over different extraction time.  It is 

further desired to understand the progressive changes in mechanical behaviors and viscoelastic 

properties of heart valve tissues via degrading collagen during stress relaxation.  Moreover, 

current available computational predictions in literature is insufficient to clarify the mechanical 

behavior of the heart valve tissue with the simplified representation of the highly 

heterogeneous collagen fiber network.  An effective predictive method is highly encouraged 

to develop for understanding tissue-cell mechanical interactions while heterogeneously 

collagenous and VIC-distributed microstructure is incorporated.  It is also important to 

understand changes in tissue-to-cell mechanical stress transfer and to provide advanced cell or 

tissue therapies for the diseased heart valve.  How tissue corresponds with functions of VICs, 

and how VICs and ECM work together to maintain, repair, and regenerate healthy heart valve 

tissue should be addressed as a whole continuum.   

 

1.2    Research Objectives and Approach 

To fulfill a better understanding of structure-mechanics-property interactions to alter 

matrix-to-cell stress transfer inside the heart valve tissue, the objectives are as follows: 
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1.  Tissue-level: Relationships between the microstructure, mechanical stretch, and 

collagen degradation of heart valve tissues are studied.  Specially, viscoelastic responses to 

the mechanical environment between disease-like (collagen-deficient) and healthy heart valve 

tissues are compared.  Unique stress relaxation responses of biological tissues are believed to 

be correlated with altered microstructures and properties of collagen-degraded tissues caused 

by abnormal collagen remodeling. 

2.  Tissue-level: Virtual experiments with the image-based finite element analysis (FEA) 

are developed.  Specially, the ECM microstructure and inhomogeneity of VICs on the tissue 

photomicrograph are important to delineate the stress field inside the heart valve tissue.  PV 

tissue is used as a model system.  Collagen fiber orientation-dependent anisotropic material 

property is incorporated into the PV model and compared the results to the isotropic model.  

By establishing an effective predictive method with new computational tools and by 

performing virtual experiments on the heart valve tissue photomicrographs, it is observed that 

stress distribution inside the heart valve tissue highly associated with collagen fiber-aligned 

microstructure and inhomogeneously distributed cells [26, 44].  The roles of heterogeneously 

distributed collagen fibers is clarified in mitigating stress developments inside heart valve 

tissues. 

3.  Tissue- and cell-level: Matrix-to-cell stress transfers during diastolic valve closure are 

reported.  Specifically, the virtual experiment predicts tissue- and cellular-level stress fields, 

providing insight into how matrix-to-cell stress transfer may be influenced by the 

inhomogeneous collagen fiber architecture, tissue anisotropic material properties, and the 
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cellular distribution within the leaflet tissue [45].  This approach, incorporating the collagen 

fiber architecture, VIC distributions, and the anisotropic material property of the ECM, 

provides a tool for comprehensively quantifying the stresses during diastolic valve closure. 

Upon completion, results of the proposed work provide a better understanding of the 

biomechanical regulation mediated by the cell-matrix interaction, such as cellular 

mechanotransduction or tissue remodeling in heart valve tissues.  Distinct viscoelastic 

responses of normal and collagen-deficient heart valves to mechanical stimulations are 

presented, clarifying greater influence of the mechanical force on the microstructure and the 

mechanical property of the diseased heart valve.  Besides, the study illustrates the distinct 

feature of inhomogeneous microstructure in which the corresponding mechanical stress 

distributions around cells embed in the matrix under biaxial stretching.  The developed virtual 

experiment provides a great tool to further investigate relationships between cellular stresses 

and morphologies, and results of the current study could be related to cellular phenotypes 

changes under mechanical stimuli. 

 

1.3    Dissertation Organization 

First, Chapter 2 provides background information related to biomechanical regulations 

between the ECM and VICs and significant investigation of mechanical property of the heart 

valve tissue.   Chapter 3 discusses the relationship among microstructure, mechanical force 

and collagen degradation in AV and PV tissues.  Moreover, it is observed that the 
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microstructure and the nonlinear anisotropic material property have great influence on stress 

distribution by the virtual experiment in Chapter 4 and Chapter 5.  The stress transfer from the 

ECM to the cell nucleus is further discussed in Chapter 5.  Finally, Chapter 6 concludes 

significances of mechanical behaviors of heart valve tissues responding to the mechanical 

environment and provides future work.  
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CHAPTER 2     

REGULATIONS OF VALVULAR INTERSTITIAL CELLS AND THE  

MATERIAL PROPERTY OF THE HEART VALVE TISSUE 

 

 

2.1    Interactions between Matrix and Cells 

Functions of valvular interstitial cells (VICs) are mainly related to cell migration, 

wound healing, and calcium concentration in the valve physiology and pathology.  Cells 

migrate in their response to multiple situations during their lives, such as the need to feed, 

embryogenesis, wound healing (or tissue repair), and the immune response [17-25, 46-51].  For 

example, tissue formation during embryonic development, wound healing and immune 

responses requires the coordinated movement of cells in particular directions to specific 

locations [49, 50, 52].  Cell migration, in fact, is a process that is coordinated by both chemical 

and mechanical signaling cascades spatially and temporally [31-33, 35, 53, 54].  One of the 

most important chemical properties is calcium concentration, which may serve as a source of 

biochemical mediators for cell migration in various processes, such as blood clotting, 

intracellular communication, cell adhesion, and growth [55-62].  Therefore, cell migration, 

wound healing, and calcium concentration have connection with each other and can be 

considered as the most significant factors in the valve physiology and pathology (Figure 2.1).  

Cell migration is triggered by signals released from the wound and coordinates proliferation 

and remodeling during wound healing.  During cell migration, the intracellular calcium 

concentration distribution can contribute the cell to move to the wound site, but cell migration 
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simultaneously also can rearrange the distribution of calcium concentration.  The extracellular 

calcium concentration can be changed by wound healing, while wound healing may be 

regulated by calcium concentration via cell migration.  As long as any factor is disordered, the 

balance may be destroyed, and extracellular matrix (ECM) remodeling of the heart valve tissue 

may become incomplete. 
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Figure 2.1    The relationship among cell migration, wound healing, and calcium 

concentration distribution. 

 

2.1.1    Molecular Biology of Cell Migration 

Cell migration can be considered as a cyclic multistep process without obvious starting 

point, and some steps may occur together [35, 52, 53, 63].  Cell migration undergoes a series 

of characteristic changes in shape: extension of a lamellipodium or pseudopodium, adhesion 
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of the leading edge to the substratum, forward flow, and retraction of the cell body [64].  Figure 

2.2 presents the steps in keratinocyte movement cycle [64].  The movement begins with 

extension of one or more lamellipodia at the leading edge of the cell.  More actin filaments 

aggregate at the front of the cell to form an asymmetry of actin filament distribution [65].  

Actin filaments assemble at the leading edge of the cell to form broad and flat networks in the 

lamellipodia or long bundles in the filopodia, and then the focal adhesions appear between the 

plasma membrane and substratum.  Adhesions between the cell and substratum, i.e., ECM, by 

integrin-actin filament connection [31, 35, 66-68], and intracellular contraction pull or push 

the cell to move forward [32, 35, 53, 63].  At last, the edge of the cell attaching to the 

substratum remains until the tail eventually detaches and retracts into the cell body.  Integrins 

are recycled to interact with the ligands again by diffusing and transmitting from the rear to 

the front edge [63]. 

To repair and remodel the heart valve tissue by cell migration, VICs play an important 

role due to their heterogeneous and dynamic population of specific phenotypes that have many 

unique characteristics.  Three phenotypes of VICs have been identified in the mature valves: 

fibroblasts, smooth muscle cells, and myofibroblast [21].  Like fibroblasts, VICs have slender 

and elongated cell morphology.  They form a complex cellular framework throughout the 

entire valve by connecting with each other and establish extensive contacts with collagen 

fibers, elastin fibrils, and proteoglycans of the ECM [17].  Similar to smooth muscle cells, 

VICs have been identified occurring either singly or in thin bundles with numerous actin 

filaments [19].  Myofibroblasts are the third phenotype [21], which are used to describe cells  



 

15 

Biochemistry Biomechanics 
  

1. Polarization 1. Occurrence of protrusive force 

  
  

2. Protrusion 2. Increase of protrusive force 

  
  

3. Focal adhesion 3. Occurrence of traction induced by 

contractile forces I and II 

  
  

4. Focal adhesion 4. Cell migration due to Increase of traction 

  
  

5. Pulling over focal adhesion 5. De-attachment by contractile force II and 

appearance of protrusive force 

  
Restart a new cycle 

  
  

Figure 2.2    The cell migration cycle. The cell moves forward from position X1 to X3 during 

cell migration.  Red indicates the nucleus, and bright green represents the aggregation of 

actin filaments at the leading edge of the cell. 



 

16 

that are morphologically similar to both fibroblasts and smooth muscle cells.  Many VICs in 

the valve leaflet are in the phenotype of myofibroblasts.  Recent study has investigated that 

VICs would further change their phenotypes to more different forms during the pathological 

valve activities [24]. These distinct phenotypes and variety of VICs are useful to clarify the 

heart valve physiology and pathobiology and further imply that cell migration is crucial for 

VICs to precisely perform heart valve repair and remodeling. 

 

2.1.2    Biochemistry of Cell Migration – Effects of Calcium Concentration [Ca2+] 

Calcium concentration regulates cell-ECM interactions at the leading and rear edges to 

maintain focal adhesions and reorganize cytoskeletal, contractile proteins via signaling 

cascades.  During cell migration, the protrusions appear to be the leading edge with actin 

filaments, and the sites of polymerization are determined by the presence of actin filaments. 

Some proteins such as gelsolins binding to the barbed ends inhibit the formation of actin 

filaments [65]. The calcium concentration can be the regulatory components for the gelsolin 

to affect the membrane protrusion and attachments to the substratum during cell migration [69, 

70].  At higher calcium concentration level, the ability of activated gelsolins to sever and cap 

actin filaments causes weaker actin filament networks and dissociation of attachments by 

contractile force at the rear edge of the cell [63].  In contrast, with lower or no calcium 

concentration, gelsolins dissociate from the barbed ends of actin filaments, and cross-linking 
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of actin filaments, new attachments, and membrane extension carry on at the leading edge as 

well as contraction at the rear edge to pull the cell forward [63]. 

Calcium also serves as a modulator during cell migration [55-62].  During cells moving, 

intracellular calcium concentration [Ca2+]i is highest at the rear edge of the cell and lowest at 

the leading edge of cell.  Brundage, Fogarty, Tuft, and Fay have investigated the relation 

between cell shape, cell movement, and [Ca2+]i of eosinophils [55] (Figure 2.3).  It has been 

observed that [Ca2+]i increases before cell turned, and the new rear edge of the cell is produced 

with this increased [Ca2+]i.  Lee, Ishihara, Oxford, Johnson, and Jacobson also have proved the 

transient increase of [Ca2+]i in cell migration of fish keratocytes [58].  They have discovered 

that calcium arises by the activation of stretch-activated calcium channels, which trigger an 

influx of extracellular calcium [54].  When the rate of retraction at the rear edge of the cell is 

slower than that of extension at the leading edge, the cell become elongated and is under an 

increased tension.  Once the tension exceeds a critical threshold, stretch-activated calcium 

channels are activated to trigger an influx of extracellular calcium.  The extra [Ca2+]i 

contributes to contractile forces and detachment to pull the rear edge of the cell, so that the 

tension is decreased after retraction (Figure 2.4). 

Calcium is a significant intracellular signal or messenger modulating the expression of 

cellular function.  Calcium concentration gradients caused by injury reflect changes in calcium 

flux from extracellular environment and activation of calcium channels in plasma membranes.  

Calcium concentration is related to the wound healing cascade.  Drumheller and Hubbell have 

demonstrated that [Ca2+]i in the individual cell adjacent to the wound site has an obvious 
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increase [56].  They have also concluded that the intracellular calcium mobilization decreases 

with the distance from the wound site.  In their experiment, the cell close to the wound site 

have higher [Ca2+]i than the cell far from the wound site does. 

 

 
 

Figure 2.3    Changes of calcium concentration gradient in an eosinophil during migration 

[55].  The white arrow denotes the start of the motion path (white line).  Eosinophils 

stimulated with serum increase their overall [Ca2+]i.  [Ca2+]i at the leading edge of the cell is 

lower than that at the rear edge.  When the moving direction is changed, the average [Ca2+]i 

is increased, and a distinct gradient causes more [Ca2+]i aggregating at the rear edge and 

protruding the new leading edge.  Once the overall shape and molecular distribution are 

rebuild, a shallow [Ca2+]i gradient and a lower overall [Ca2+]i may be sufficient to maintain 

the asymmetry of the cell while the cell keeps moving straight. 
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Figure 2.4    Retraction coupled to an influx of extracellular calcium during cell migration 

of fish keratocytes [58].  As the tension exceeds a critical threshold, stretch-activated calcium 

channels (blue) are activated to trigger an influx of extracellular calcium.  Green spiral 

denotes the cytoskeleton. 

 

The increase in [Ca2+]i is derived partially from intracellular stores and extracellular 

calcium influx [57, 59].  Some growth factors released from the wound site trigger the release 

of cellular calcium from stores in a soluble form to increase local extracellular calcium.  The 

increased extracellular calcium concentration ([Ca2+]out) induces increasing [Ca2+]i by cell 

junctions and trans-endothelial migrations (Figure 2.5).  This [Ca2+]i is a major component of 

the signal transduction cascade.  In the absence of extracellular calcium or by disrupting 

calcium entry with inorganic calcium channel blockers, any observed calcium mobilization 

must result from the release of calcium from intracellular stores [56]. 
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Figure 2.5    Cell migration mediated by the increase in [Ca2+]i partly from intracellular 

stores and partly from extracellular calcium influx.  (a) The growth factors are released by 

platelets and macrophages at the wound site.  (b) Some growth factors trigger the release of 

cellular calcium in stores to increase [Ca2+]out.  (c) The higher [Ca2+]out induces increasing 

[Ca2+]i by cell junctions and trans-endothelial migrations.  (d) Increased [Ca2+]i contributes 

to cell migration to the wound site. 

 

2.1.3    Biomechanics of Cell Migration – Force Generation 

Force generation is generally the motive power for cell movement.  All force 

generations during cell migration are described in Figure 2.2.  For protrusive activity, the 

polymerization of actin filaments is sufficient to generate pushing forces against the cell 

membrane to form the protrusion [65].  The new fragments of actin filaments organize at the 

barbed ends of pre-existing actin filaments to elongate the cell and form a protrusion.  As a 

result, polymerization of actin filaments is correlated with a change in shape of the cell from 
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spherical to asymmetric shape, and the cell membrane is pushed in the direction of 

polymerization.  Many myosins interacting with actin filaments (called actomyosin filaments) 

existing at actin binding sites also cause the protrusive force [65].  If this interaction of myosin 

and actin filaments are applied to the actin polymerization, the protrusion is more easily to be 

observed.  The adhesions by connections of integrins in the ECM and actin filaments inside 

the cell are also the main source of force generation for migration [33, 35, 53, 63, 65, 71].  

Adhesive traction of actomyosin filament bundles attaching to the ECM contributes the growth 

of focal adhesions [35, 53].  Furthermore, this force is considered to contract inward the cell 

from both the leading edge and the rear edge.  Because of rigid substratum, the relative forward 

movement of the cell induces the migration of the leading edge by the traction of these 

adhesions. 

During adhesion process, there are many steps almost occurring in the meantime, 

including clustering of integrins for integrin-mediate binding to the ECM, actin filament 

polymerization, and other signal transmission.  The assembly of adhesion complexes is 

initialed by binding of integrins to the substrate [35, 53, 71].  If adhesions between the cell and 

the substrate are too strong, the cell seems to be fixed on the substratum and cannot move.  On 

the contrary, the substrate cannot exert sufficient traction on the cell if the adhesions are not 

firm enough.  In fact, the mechanical properties of the ECM can regulate the strength of the 

interaction of adhesions [31], which is that the cytoskeleton assembly and ECM protein 

organization on the cell are affected by the ECM stiffness.  Sheetz, Felsenfeld, and Galbraith 

have also concluded that the linkage between pre-stressed fibers on the substratum and 
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integrins can strengthen the connection of receptors and cytoskeleton [33].  The entire 

attachment is stronger than that without the reinforced ECM. 

 

2.1.4    Tissue Remodeling via Cell Migration 

The process of tissue remodeling (or wound healing) is a complex and dynamic series 

of events for restoring cellular structures and tissue layers [46-51].   The repair begins with 

hemostasis and activates inflammation via cell migration.  Following fibroblast proliferation 

and collagen deposition in the loose fibronectin-collagen matrix take place to remodel the 

tissue by collagen crosslinking [47, 49].  Some of fibroblasts transform into myofibroblasts 

that produce contraction and reorient the collagen fibrils with cell-cell contacts and actin-rich 

cytoplasmic stress fibers [48].  Myofibroblasts and fibroblasts attach to this matrix and begin 

to produce and deposit collagen, which increases the tensile strength of the remodeled tissue.  

Meanwhile, collagen degradation proceeds by activities of collagenase enzymes in fibroblasts 

which break collagen molecules and digest these collagen fragments [47, 51].  When collagen 

synthesis and degradation are in balance, this maturation phase of tissue remodeling is said to 

have finished. 
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2.2    Biomechanical Regulations of the Heart Valve and Mechanical Force 

  Physical stimulations are as crucial as biochemical cues in regulating cellular functions 

that interact with or modify the ECM [37, 72-74].  The action of a mechanical loading induces 

the formation of cell processes and influences cell motility, morphogenesis, and tissue 

synthesis [31, 33, 37, 54, 63, 72-75].  For example, mechanotransduction causes changes of 

cellular behaviors to regulate the ECM through signaling pathways [37, 67, 68].  It is also well 

known that fibroblasts subjected to mechanical stresses lead to the collagenase activity and 

collagen synthesis [47, 48, 51, 54, 73, 75].  Most importantly, it is critical for cells to proliferate 

or to differentiate in response to multiple situations, such as embryogenesis, wound healing, 

and etc. [31-33, 35, 46, 49, 50, 52-54, 63, 65, 76].  Cell migration is one of the interactions 

between cells and the ECM through sensing various cues to regulate cellular function or to 

respond to external mechanical forces.  A number of studies have shown the direction of cell 

migration can be changed by varying the mechanical stimulus, such as the substrate 

deformation or subjected forces [54, 72].  Cells respond at adhesion sites in the cell-matrix 

interface and consequently determine the preferred direction of the movement [31, 33, 54, 74].  

Therefore, the subjected force or the deformation of the substrate may be directly correlated 

with the physical interaction at the cell-ECM interface and therefore promote further biological 

regulations.   
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2.2.1    Biomechanical Regulations by VICs in the Mechanical Environment 

It is considered that the randomly distributed VICs may have great influence on the 

mechanics of the heart valve by the cell-matrix interaction.  Observations of VICs clarify that 

biomechanical properties of heart valves generally correspond with functions of VICs 

modulated by the mechanical environment [36].  Abilities of VICs to communicate with each 

other or with the ECM allow heart valves to proceed tissue remodeling corresponding to the 

mechanical environment.  Previous studies have demonstrated that the isolated VIC is detected 

to be sensitive to the mechanical environment and responsible for cell-cell and cell-ECM 

communications, and ECM maintenance [17-19, 21-25], and the population and deformation 

of VICs are associated with synthesizing and maintaining the ECM [77].  In other words, 

functions of VICs can be modulated by the mechanical force environment to slightly remodel 

the valve tissue.  In fact, it has been investigated that VICs are able to change their phenotypes 

and functions to mediate the tissue microstructure by sensing mechanical stimuli, and the tissue 

responds to the mechanical environment to undergo growth, remodeling, repair, or 

differentiation [11, 33-37].  Moreover, complex physiology and pathology of VICs and 

biomechanical regulation of valve function from the cell level to the tissue level are important 

to the mechanics of the heart valve tissue.   

In addition, cells have different phenotypes to regulate the tissue development or 

remodeling to respond to the different mechanical environment [37, 78, 79].  Rodriguez, 

Piechura, Porras, and Masters have investigated the role of collagen in regulating the 

phenotype of the VIC and heart valve calcification by enzymatic treatment [78].  It has been 
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observed that disruption of collagen leads to mineralization and introduction of calcification, 

and VIC phenotype responding to the introduction of collagen deficiency affects the structural 

characteristics of the heart valve leaflet.  VIC-collagen relationships, such as VIC proliferation, 

apoptosis, and osteogenesis, have been detected to affect leaflet characteristics of collagen 

content, ECM disarray, and elastic modulus.  It is confirmed that VIC phenotype is highly 

corresponding with collagen deficiency and disruption within the ECM.  In the cellular level, 

various VIC-ECM interactions are critical to indirectly depict the alteration of the mechanical 

property of the heart valve leaflet stimulated by force [37, 39-43, 54, 72-75, 79-81].  Briefly, 

the stiffness of the ECM mediated by mechanical force is capable to regulate calcification by 

VICs. 

 

2.2.2    Responses of Heart Valves to the Mechanical Stimulation  

  Inappropriate mechanical stimulations, however, may affect cellular activities of VICs 

to participate in processes that lead to valve degeneration and calcification [38-41].  Structural 

dysfunction, such as aortic valve (AV) sclerosis, resulting from dysregulation of normal 

cellular processes is the primary failure of the heart valve [39, 81, 82].  Once there is structural 

dysfunction or dysregulation in the heart valves, mechanical stimuli can further contribute to 

initiate or progress valve diseases. Some heart valve diseases, for instance, are caused by the 

disrupted tissue homeostasis under a variety of pathological conditions [83-86].  Therefore, it 
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is important to understand the complex physiology and pathology of VICs and regulation of 

valve function by VICs from the cell level to the tissue level. 

  In recent years, repair techniques of surgery for degenerative valve diseases, such as 

valve leakage caused by aortic disease or associated ventricular septal defect, have become a 

matter of concern for people [3].  The heart valve diseases may be related to congenital 

abnormality, bacterial infection, inflammation, or mutation of the valve, and excessive 

calcification, which weaken or fail the function of the valve.  In the healthy AV and pulmonary 

valve (PV), tissue remodeling known as ECM accumulation and destruction are in balance 

physiologically mediated by VICs responding to mechanical forces in the nonpathological state 

[87].  That is, it is reached the equilibrium of fibroblast deposit promoting ECM formation and 

matrix metalloproteinases (MMPs) causing ECM degradation under the physiological 

condition [88, 89].  As the tissue is injured, the process of wound healing including fibroblast 

deposit for tissue repair is associated with cell movement that may be guided by the physical 

interactions such as rigidity and stretching of substrate medium at the cell-ECM interface [49, 

50, 54, 72, 73, 89].  Nevertheless, disordered phenomenon of collagen synthesis and 

degradation influenced by the inappropriate mechanical environment may appear to cause a 

pathological ECM remodeling [54, 72-74, 89-91].  Highly modulated by activities of MMPs, 

a harsh collagen depletion from the native ECM occurs as the collagen degradation excesses 

collagen synthesis in the diseased heart valve [88-90, 92].  Besides, collagen digestion 

promotes calcification of ECM [38, 40, 78], which is one of common heart valve diseases 
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discovered in AVs and generally leads to changes of organization, composition, mechanical 

property of the ECM [38-43, 80-82, 93].   

In fact, the ECM stiffness and structural or genetic defects modulated by external forces 

[94] or collagen digestion [95-97] in heart valve tissues increase opportunities to change 

regular phenotypic activities of cells and lead to differentiation, proliferation, apoptosis, or 

calcification [38, 40, 78, 79, 91-93, 96].  It has been investigated that fibroblast-like VICs 

would be activated to switch to the myofibroblast type by cytoskeletal tension [94, 98, 99], and 

excessive MMPs are released to degrade the ECM during disease [89].  Yip, Chen, Zhao, and 

Simmons have proposed that the compliant matrix have greater influence on aggregation and 

the osteogenic phenotype of VICs [40]; however, the stiffer matrix contributes calcification 

through apoptosis.  Throm Quinlan and Billiar have further demonstrated the positive relation 

between stiffness of ECM and VIC activities based on alpha smooth muscle actin expression 

for the myofibroblast phenotype, cell density, and size via fluorescent microscopy [91].  Wang, 

Haeger, Kloxin, Leinwand, and Anseth have investigated that stiffer substrate of ECM may 

increase production of myofibroblast contributing collagen deposition in the heart valve and 

tissue stiffening [89], which is similar to the finding of Throm Quinlan and Billiar [91].  

Moreover, Rodriguez et al. have studied the role of collagen in regulating the phenotype of the 

VIC and heart valve calcification caused by the enzymatic treatment via histology and 

chemical quantities [78]. 
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2.2.3    Stress Relaxation and Collagen Remodeling of the Heart Valve 

Biological materials are considered to exhibit both viscous and elastic properties during 

deformation.  Stress relaxation is a way to describe the viscoelastic property of biological soft 

tissue [95-97, 100-107].  The soft tissue undergoes a constant strain, and the induced stress 

response as functions of time decreases in a nonlinear pattern.  Currently, the viscoelastic 

property of the biological soft tissue physiologically interacting with the mechanical force and 

undergoing stress relaxation is caught attention [103, 106].  Grashow, Sacks, Liao, and 

Yoganathan have indicated anisotropic quasi-elastic material property of the mitral valve to 

withstand external loading without the time-dependent effect [103].  Stella, Liao, and Sacks 

have further studied the biaxial mechanical behavior of the AV leaflet and shown the highly 

anisotropy existing in the tissue [106].  The fiber direction, therefore, is suggested to be 

considered an important factor to affect the response of the tissue in stress to the mechanical 

environment.  Van Loocke, Lyons, and Simms have also demonstrated that the decrease in 

stress highly correlates with the direction of muscle fibers, which implies the significant feature 

of direction dependency attributed to fiber alignment in the biological tissues [107]. 

Collagen-deficient structure of the tissue has great impact to stimulate pathological 

regulations.  Ruberti and Hallab [97] and Robitaille [96] have focused on the collagenase and 

strain effects on the bovine cornea.  Interestingly, the tensile force may provide the ECM with 

strength to resist collagenolytic enzymes and modulates the sensitivity of collagen to 

enzymatic degradation.  It is also indicated that fiber orientation along the loading induces 

reduction of collagen degradation; on the contrast, most collagen fibers are easily cleaved if 
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orientation is not along the direction of load.  By applying tensile load, degrading collagenous 

matrix can be controlled by sensitivity of collagen fiber to enzymes.  Cousineau-Pelletier and 

Langelier have agreed that greater stimulated loading within the tendon reduces relatively more 

enzymatic degradation and promote greater cell activity to repair [101].  That is, the 

relationship among tensile load, fiber alignment, and collagen degradation is demonstrated that 

strain-dependent deformation in native tissue reduces collagen digestion whereas unloaded 

collagen fibers undergo enzymatic degradation.  Liu and Yeung have also supposed that higher 

strain level decreases stress relaxation of the specimen whose fibers are parallel to longitudinal 

axis whereas lower stretching enhances stress relaxation of the same fiber-oriented specimen 

[105].  Besides, Calvo, Sierra, Grasa, Munoz, and Pena have demonstrated relationship 

between stress relaxation and the stretch level for rectus abdominis and linea alba of rabbits 

[100]. 

 

2.3    Mechanical Property of the Heart Valve Tissue 

It is observed that mechanical load stimulates a series of bioregulations mediated by 

relative cells through collagen fibers and further cause the change of material behavior 

corresponding to the mechanical stimulation [73-75, 79].  To exhibit mechanical response of 

the heart valve tissue to the external force, the nonlinear anisotropic mechanical behaviors of 

AV and PV tissues have been comprehensively investigated and constitutively modeled via 

biaxial testing [8, 10-13, 15, 16, 36, 103, 106, 108, 109].  For valvular failure mechanisms in 
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the tissue level, previous studies have demonstrated the stress distributions in heart valve 

leaflet tissues by finite element analysis (FEA) [26-30].  In this study, stress evolution and 

matrix-to-cell stress transfer during diastolic closure of the valve are further predicted in both 

tissue and cellular levels [45].   It is understood that biomechanical interactions at the VIC-

ECM surface are connected with external mechanical forces translating into altered VIC stress 

states. 

 

2.3.1    Nonlinear Anisotropic Material Property of the Heart Valve Tissue 

Studies have shown that the collagen fibers in the heart valve align in the 

circumferential direction [11-14, 81].  Billiar and Sacks have developed biaxial testing for the 

AV cusp and obtained peak principal Green’s strains under equibiaxial tension [8].  It has been 

observed that the principal strains are closely oriented to the local preferred fiber directions, 

which suggests that the local tissue is much more compliant perpendicular to the fiber-

preferred direction than along the fiber direction.  Christie and Barratt-Boyes have measured 

the biaxial properties of porcine AV and PV tissues under stretch in biaxial directions [7].  

According to the steeper slope of the AV traction-strain curve (Young’s Modulus) than the 

slope of the PV curve, the AV leaflet is confirmed stiffer with higher collagen density than the 

PV leaflet.  Therefore, nonlinear anisotropic material property of PV and AV leaflets are 

determined by biaxial mechanical testing [7-9, 13, 27, 106, 110].     
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An easy approach has been performed in our laboratory for quantifying biomechanical 

and biochemical properties of semilunar heart valve tissues, and potentially facilitates the 

development of tissue engineered heart valves [16].  Biaxial mechanical responses of porcine 

AV and PV leaflet tissues have been characterize with a biaxial tissue tester (BioTester 5000, 

CellScale, Canada) (Figure 2.6).  The tester has four rakes providing evenly distributed 

loading spanning 4 mm in length on each side of the sample.  This unique feature not only 

assures the control of boundary conditions, but also significantly reduces the variability 

between sample sizes.  Measured mechanical properties of the ECM are obtained.  It has 

exhibited that three regions of horizontal, exponential, and linear stress-strain curves are 

defined for the heart valve tissue, which derives three sets of moduli for the AV and the PV in 

two directions in different strain ranges [16] (Figure 2.7 and Table 2.1).  Real-time motions  

 

     (a)                               (b)                                                (c) 

 
Figure 2.6    BioTester applied to perform biaxial mechanical testing.  The tester is capable 

of applying physiologically plausible biaxial stretching states to tissues samples.  The heart 

valve tissue is mounted with four rakes.  The tester has four rakes providing evenly 

distributed loading spanning 4 mm in length on each side of the sample. 
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of image features have also been provided, such as sample deformation and principal strain 

axes evolution during mechanical characterization of heart valve tissues.  The maps reported 

in the study allow an individual to quickly identify the approximate deformation and principal 

directions imposed on a location in the sample.  Furthermore, a biochemical analysis of 

collagen concentration in the heart valve tissues is also reported. 

 

 
 

Figure 2.7    Nonlinear anisotropic material property of the heart valve [16].  Three piecewise 

linear elastic anisotropic material properties under different strain stretching are used to 

obtain orthotropic stiffness matrices.  X-direction and y-direction denote the circumferential 

and radial direction, respectively. 
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Table 2.1    Modulus of elasticity of valvular tissues [16]. (a) Modulus of elasticity in zone 1. 

(b) Tangent modulus of elasticity in zone 2 and zone 3. 

Table 2.1a 

E (kPa) 0-18% of strain (zone 1) 

AV x-direction (E1
AVx) 89.1±4.63 

AV y-direction (E1
AVy) 33.94±1.37 

PV x-direction (EI
PVx) 11.31±0.79 

PV y-direction (E1
PVy) 11.67±0.61 

 

Table 2.1b 

Etan (kPa) 18-28% of strain (zone 2) 28-35% of strain (zone 3) 

AV x-direction (Etan
AVx) 825.11±29.19 1577.17±53.69 

AV y-direction (Etan
AVy) 116.43±4.15 324.93±9.84 

PV x-direction (Etan
PVx) 408.23±18.34 1457.19±58.1 

PV y-direction (Etan
PVy) 50.06±2.01 172.44±5.24 

(x-direction: circumferential direction; y-direction: radial direction) 

 

2.3.2    Stress Distribution in the Heart Valve Tissue by FEA 

In addition, the computational simulation of heart valve tissues via the FEA has been 

widely applied to investigate the microstructural response of the heart valve in a mechanical 

environment, given the simplified homogeneous model containing the highly heterogeneous 

collagen fiber network [27-30].  In simplified homogeneous elastic models, the stress 

distribution on the valve leaflet via the FEA have illustrated the relationship between the 

collagen fiber orientation, fiber bundle locations, and local stresses, suggesting the stress 
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distribution inside a heart valve tissue is dependent on the collagen fiber distribution [27-30].  

Koch, Reddy, Zilla, and Franz have applied four material properties (isotropic linear elastic, 

transversely isotropic linear elastic, isotropic hyperelastic, and transversely isotropic 

hyperelastic) to investigate stress distribution of the model [30].  It has been discovered that 

hyperelastic material properties contribute lower strain and stress distribution, and maximum 

principal stresses approximately along the fiber orientation.  Thus, their finding has suggested 

that the native heart valve have flexibility to the mechanical environment due to its nonlinear 

anisotropic property.  Moreover, Mohammadi, Bahramian, and Wen have focused on the 

principal stress distribution over the leaflet tissue, especially on the free edge and midline of 

the leaflet, with surface contact on the free edge of the leaflet [29] (Figure 2.8).  While the 

tissue model is considered to have contact boundary conditions with other valves during 

stretching, the predicted maximum principal stress is located on the attachment area.  In 

contrast, under no contact condition the maximum stress is found at the belly region.  

Therefore, the boundary condition could have significant effects on the stress distribution, and 

stress distribution is implied to be corresponding with the location of collagen bundles. 

Some geometric parameters are also regarded as important factors on the behavior of 

the heart valve even though they seem to be inconsiderable, such as the leaflet diameter and 

thickness [8, 27-29, 111].  In order to understand more about the relation of the stress 

distribution and geometrical variations, Luo, Li, and Li have investigated the effects of 

geometrical stress-reducing factors in the porcine AVs, such as the distance from the top of the 

free edge to the bottom of attachment (stent height), the valve diameter, and thickness of the 



 

35 

leaflet, in the stress distribution [28].  It has been observed that the higher longitudinal normal 

stress concentration typically occurrs at the two corner areas where the fibers are located more 

compactly in both isotropic and anisotropic structures, which is attributed by the dense fiber 

bundles at commissural area near the attachment, not close to the free edge. However, there 

are no distinct differences between isotropic and anisotropic structure in the transverse normal 

stress and shear stress cases.  Moreover, the larger stent height decreases longitudinal peak 

stresses in both isotropic and anisotropic models.  With non-uniform thickness, the peak 

stresses become smaller in every case.  Therefore, the non-uniform thickness and higher stent  

 

 
 

Figure 2.8    The maximum principal stress distribution over the leaflet tissue on the fibrosa-

like layer (top) and the ventricularis-like layer (bottom) [29].  Contact surfaces at free edges 

are denoted by black solid square. 



 

36 

height may be stress-reducing factors for the heart valve tissue.  Carew et al. have also focused 

on the effect of specimen size and the aspect ratio on the tensile properties of porcine AVs 

[111].  The stiffness in the circumferential or radial direction varies with the size of specimen.  

They have concluded that the change can be accounted for by morphology including changed 

elastic structures, amount of fiber bundles, and extensibility of the tissue. 

 

2.3.3    Finite Deformation and Constitutive Law of the Heart Valve 

The infinitesimal strain theory describes the small deformation of a continuum body, 

where the displacements are very small compared to the original size of the object.  However, 

most biological soft tissues are under large deformation, which follows the finite strain theory.  

A finite-deformation constitutive model is applied to describe the hyperelastic behavior of the 

soft biological tissue.  Hyperelasticity represents the mechanical behavior of a material that 

responds elastically under large strain and has the stress-strain relationship derived from the 

strain energy.  Since it is known that the constitutive relationship demonstrates the link between 

stress and strain in materials, a finite-deformation constitutive model is incorporated to 

describe the anisotropic hyperelastic behavior of the soft biological tissue through FEA. 

The heart valve tissue, especially for the AV tissue, undergoes stretching from 0 to 

above 35% of strain, in which the difference between deformed and un-deformed 

configurations are distinct.  In fact, AVs are subjected by the transvalvular pressure from 0 to 

120 mmHg (15.998 kPa) while the PVs are only subjected up to 10 mmHg (1.333 kPa) during 
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diastole, suggesting that the AV tissues experience much larger deformation than the PV 

tissues do.  In order to obtain plausible simulation of the AV, large deformation is better used 

to describe the mechanical behavior of the heart valve tissues [84]. 

Strain energy is stored in an elastic material due to deformation.  For small deformation, 

Hooke’s law is obeyed to characterize the elastic deformation; however, the material obeys a 

constitutive law in large deformation, which is defined directly by the strain energy. A finite-

deformation constitutive model is generally incorporated to describe the anisotropic 

hyperelastic behavior of the heart valve tissue through FEA on the tissue photomicrograph.  

Figure 2.9 shows the strategy of establishing a constitutive model by fitting nonlinear elastic 

constitutive model constants.  The experimental testing containing deformation and stress data  

 

 
 

Figure 2.9    The strategy of establishing a constitutive model by fitting nonlinear elastic 

constitutive model constants. (http://www.umich.edu/~bme456/ch6fitelasticmodelconstant/ 

bme456fitmodel.htm). 
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are performed, and a constitutive model is selected to describe the mechanical behavior of the 

heart valve tissue which is presented by experimental data [109, 112-117].  In order to perfectly 

translate the experimental data, the constitutive equation derived from the strain energy is 

developed to satisfy the experimental stress-strain data.  The material behavior described by 

the constitutive equation with minimum deviation from experimental data is desired; therefore, 

the best-fitting curve can be obtained by the least square method, and the parameters in the 

constitutive model are further determined. 

Biaxial mechanical testing is conducted to provide the mechanical property of the tissue 

specimen, which describes the relationship between stress and applied strain.  2nd Piola-

Kirchhoff stress tensor S and Green-Lagrange strain tensor E are used to describe the 

mechanical property of the material [112, 115].  2nd Piola-Kirchhoff stress tensor S is defined 

as force tensor f per deformed unit area and derived from 1st Piola-Kirchhoff stress tensor P 

which is force tensor f per referenced area.  For the two-dimension incompressible tissue 

model, it is assumed that all loads exert normal to the four edges of the square tissue specimen 

(i.e. pure stretch) and collagen fibers align along principal testing directions, and 2nd Piola-

Kirchhoff stress tensor S, therefore, is written as 

    𝑺 = 𝑭−1𝑷 =
1

𝑡𝐿

[
 
 
 
𝑓11

𝜆1
0 0

0
𝑓22

𝜆2
0

0 0 0]
 
 
 
, 

where F, t, L, and fii (i = 1and 2) denote deformation gradient tensor, thickness of the specimen, 

the size of the specimen, load in each direction, and stretch ratio, respectively.  λ is defined as 



 

39 

the stretch ratio of deformed and undeformed lengths.  As directions of two line elements are 

along the two mutually perpendicular stretch directions of pure stretch, λ1 and λ2 are principal 

stretches along the principal axes of the material.  Moreover, Green-Lagrange strain tensor E, 

one of the most important finite strain measures for large deformation, is written as 

    𝑬 =
1

2

[
 
 
 
𝜆1

2 − 1 0 0

0 𝜆2
2 − 1 0

0 0 (
1

𝜆1𝜆2
)
2

− 1]
 
 
 
. 

Thus, the relationship of 2nd Piola-Kirchhoff tensor S and Green-Lagrange strain tensor E (i.e. 

the stress-strain curve) can be obtained by imposing experimental data. 

A finite-deformation (large-deformation) constitutive model is applied to describe the 

hyperelastic behavior of the soft biological tissue which has nonlinear anisotropic material 

property [8, 109, 112, 114-119].  The main physical characteristic of an elastic material is that 

it stores energy under loading.  A general relationship using a strain energy function W between 

2nd Piola-Kirchhoff stress tensor S and Green-Lagrange strain tensor E is applied to describe 

hyperelastic behavior of the material,   

    𝑺 =
𝜕𝑊

𝜕𝑬
. 

Fung’s orthotropic model is widely applied to stand for the constitutive law of soft biological 

tissues [112, 114, 116, 119].  The strain energy in the Fung’s model is defined as 
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    𝑊 =
𝑐

2
(𝑒𝑄 − 1), 

    𝑄 = 𝐴1𝐸11
2 + 𝐴2𝐸22

2 + 𝐴3𝐸33
2 + 2𝐴4𝐸11𝐸22 + 2𝐴5𝐸11𝐸33 + 2𝐴6𝐸22𝐸33, 

where A1, A2, …, A6, and c are constant parameters.  Via fitting curves to experimental data by 

using nonlinear regression, constants are determined, and the constitutive law of the tissue can 

be obtained [112, 114, 116, 119]. 

A few studies have demonstrated the important role of tissue anisotropy and nonlinear 

regression for heart valve tissues [114, 117, 120].  Incorporated with developing various 

experimental protocols of stress-control biaxial testing (i.e. loading conditions of the ratios of 

the circumferential load to the radial load), the Fung’s constitutive model of the heart valve 

tissue can be more preferable to describe and predict the mechanical behavior of the tissue.  

Following experimental protocols provided in the previous study [120], we have conducted 

nonlinear regression for the AV tissue (Figure 2.10), and the computed Fung’s model have 

been determined:  

    𝑊 = 0.02105(𝑒𝑄 − 1), 

    𝑄 = 11.1956 𝐸11
2 + 3.3362 𝐸22

2 + 0.0010 𝐸33
2 + 4.4224 𝐸11𝐸22 + 0.7368 𝐸11𝐸33 −

              1.4590 𝐸22𝐸33. 

Calculated parameters are shown in Table 2.2.  It has been observed that the computed 

constitutive equation provides a perfect fit on circumferential-direction data but does not match 

well with the one in the radial direction (Figure 2.10).  Furthermore, the increasing 
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circumferential loads relative to the radial ones cause stress-strain curves S11 and S22 to move 

leftward and rightward, respectively; In contrast, stress-strain curves S11 and S22 move in 

opposite directions when the radial load is greater than the circumferential load.  That is, 

decreasing ratio of the circumferential load to the radial load results in larger stress along the 

circumferential axis and smaller stress in the radial direction, respectively.  This anisotropic 

behavior of the valve tissue may result from the tight angular distribution of collagen fibers 

[8].  For the biaxial mechanical testing, as two axes are loaded, the circumferential load causes 

fibers to highly align while the radial load leads to the rotation of fibers, which may contribute 

a contraction along the circumferential direction (Figure 2.11).  The larger contraction along 

the circumferential axis may be caused by greater rotation of fibers attributed to the decreased 

ratio of the circumferential load to the radial one. 
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                                      (a) 

 
             (b) 

 
 

Figure 2.10  Nonlinear regression for the heart valve incorporated with experimental 

protocol of stress-control biaxial testing provided in the previous study [120].  (a) 

Experimental biaxial testing protocols include ratios of 1:1, 1.5:1, 2:1, and 3:1.  (b) The 

mechanical property of the heart valve varies with the ratio of the circumferential load to the 

radial one.  Circumferential stress is denoted by S11, and radial stress is denoted by S22.  

Circle, triangle, diamond, and inverted triangle represent testing protocols of ratios of 1:1, 

1.5:1, 2:1, and 3:1, respectively.  The increasing circumferential load causes stress-strain 

curves S11 and S22 to move leftward and rightward. 
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Table 2.2    Parameters of the Fung’s constitutive equation for the heart valve. 

c A1 A2 A3 A4 A5 A6 

0.0421 11.1956 3.3362 0.0010 2.2112 0.3684 -0.7295 

 

 

 

 

 

Figure 2.11  Tight angular distribution of collagen fibers describing the changed anisotropic 

behavior of the valve tissue with the ratio of the circumferential load to the radial load [8].  

For biaxial mechanical testing, as two axes are loaded, the circumferential load (T11) causes 

the fibers to highly align while the radial load (T22) causes the fibers to rotate, which may 

contribute a contraction along the circumferential direction.  It is clearly observed that the 

greater rotation of fibers leads to the decrease in length and the larger contraction along 

circumferential axis. 
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CHAPTER 3     

MECHANICAL RESPONSE OF THE COLLAGEN-DEGRADED HEART  

VALVE TISSUE TO THE MECHANICAL ENVIRONMENT 

 

 

3.1    Summary 

The heart valve tissue with collagenous extracellular matrix (ECM) is regarded a load-

adapting biomaterial.  Mechanical forces have significant influences to stimulate 

biomechanical regulations of heart valve cells modulating tissue remodeling through collagen 

fibers, such as homeostasis, synthesis or degradation of collagen.  Generally, coordinated 

collagen synthesis and degradation are the process of matrix remodeling under the 

physiological condition.  However, severe collagen depletion caused by matrix 

metalloproteinases (MMPs) pathologically induces matrix destruction, changes the 

viscoelastic property of the heart valve, further affects cellular regulations mediated by heart 

valve cells, and even leads to heart valve diseases.   Moreover, during disease it has been 

investigated that the mechanical force supports the heart valve leaflet to retain structural 

strength via accumulation of collagen fibers and prevent deterioration of tissue destruction 

from collagen cleavage mediated by activities of cells. 

Impacts of collagen degradation on biochemical regulations of heart valves in matrix 

and cellular levels have comprehensively demonstrated in previous studies.  In this study, 

therefore, to understand the mechanical behavior and the viscoelastic property of the heart 
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valve varied with collagen degradation, a tissue-level investigation for the collagen-deficient 

heart valve tissue responding to the mechanical environment is conducted via the testing of 

stress relaxation.  Collagenase is applied to simulate collagen degradation by MMPs in matrix 

remodeling.  A series of stress relaxation testing under different strain levels and with 

application of collagenase solution are manipulated to present the sensitivity of collagen fibers 

to proteolytic degradation.  Besides, the quantity of collagen dissolved from the heart valve 

tissue is performed to verify the relationship among collagenase concentrations, strain levels, 

and amounts of collagen remaining in heart valve tissues, corresponding with stress drops in 

different conditions.  Results exhibit that the state of stress relaxation is highly correlated with 

alignment of collagen fibers, a certain strain range, and concentration of collagenase solution.  

The valve type has no great influence on the testing results. 

 

3.2    Introduction 

In the heart valve, collagen, elastin, and glycosaminoglycan are main components to 

physiologically coordinate functions of the heart valve to respond to the mechanical 

environment [7-9, 22, 95, 96, 121, 122].  Collagen is the most abundant protein (approximately 

60% of the dry weight [99]) in the ECM, and collagen fibers, bundles of fibrils, are allowed to 

cumulatively align to bear and transmit tensile loads and also provide strength to support the 

structure of the tissue [96, 97, 106].  These mechanical forces, such as pressure, mechanical 

strain, and deformation, play an important role to stimulate regulations of valvular intersititial 
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cells (VICs) through collagen fibers for ECM remodeling such as homeostasis, synthesis or 

degradation of collagen [37, 73-75, 79, 80, 87, 90, 94, 121]. 

In the healthy aortic valve (AV) and the pulmonary valve (PV), tissue remodeling 

known as ECM accumulation and destruction are in balance physiologically mediated by VICs 

responding to mechanical forces in the nonpathological state [87].  That is, it is reached the 

equilibrium of fibroblast deposit promoting ECM formation and activities of MMPs causing 

ECM degradation under the physiological condition [88, 89].  As the tissue is injured, the 

process of wound healing including fibroblast deposit for tissue repair is associated with cell 

movement that may be guided by the physical interactions such as rigidity and stretching of 

substrate medium at the cell-ECM interface [49, 50, 54, 72, 73, 89].  Nevertheless, disordered 

phenomenon of collagen synthesis and degradation influenced by the inappropriate mechanical 

environment may appear to cause a pathological ECM remodeling [54, 72-74, 89-91].  Highly 

modulated by activities of MMPs, a harsh collagen depletion from the native ECM occurs as 

the collagen degradation excesses collagen synthesis in the diseased heart valve [88-90, 92].  

Besides, collagen digestion promotes calcification of the ECM [38, 40, 78], which is one of 

common heart valve diseases discovered in AVs and generally leads to changes of 

organization, composition, the mechanical property of the ECM [38-43, 80-82, 93].   

In fact, the stiffness of the ECM and structural or genetic defects modulated by external 

forces [94] or collagen digestion [95-97] in heart valves increase opportunities to change 

regular phenotypic activities of the cells and lead to differentiation, proliferation, apoptosis, or 

calcification [38, 40, 78, 79, 91-93, 96].  It has been investigated that fibroblast-like VICs 
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would be activated to switch to the myofibroblast type by cytoskeletal tension [94, 98, 99], and 

excessive MMPs are released to degrade the ECM during disease [89].  Yip, Chen, Zhao, and 

Simmons have proposed that the compliant matrix have greater influence on aggregation and 

the osteogenic phenotype of VICs [40]; however, the stiffer matrix contributes calcification 

through apoptosis.  Throm Quinlan and Billiar have further demonstrated the positive relation 

between the ECM stiffness and VIC activities based on alpha smooth muscle actin expression 

for the myofibroblast phenotype, cell density, and size via fluorescent microscopy [91].  Wang, 

Haeger, Kloxin, Leinwand, and Anseth have investigated that the stiffer substrate of the ECM 

may increase production of myofibroblasts contributing collagen deposition in the heart valve 

and tissue stiffening [89], which is similar to the finding of Throm Quinlan and Billiar [91].  

Moreover, Rodriguez, Piechura, Porras, and Masters have studied the role of collagen in 

regulating the phenotype of the VIC and heart valve calcification caused by the enzymatic 

treatment via histology and chemical quantities [78]. 

The tissue with the collagenous ECM, therefore, is considered a load-adapting 

biomaterial, and its response to the mechanical environment is critical to depict the alteration 

of the mechanical property of the heart valve leaflet regulated by various VIC-ECM 

interactions [37, 39-43, 54, 72-75, 79-81, 91].  Stress relaxation is a particular material property 

of biological soft tissue, and this specific pattern can be used to describe the viscoelasticity of 

the biomaterial [95-97, 100-107].  For the soft biological tissue, stress declines rapidly and 

tends to slowly decrease to a stable level during stress relaxation; however, the occurrence of 

collagen degradation disturbs the regular trend of stress relaxation.  Robitaille, Zareian, 
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Dimarzio, Wan, and Ruberti [96] and Wyatt, Bourne, and Torzilli [95] have exhibited dramatic 

stress drops during stress relaxation on bovine corneas and rat tail tendons, respectively, with 

collagen degradation.  Combining with the performance of histology, the altered 

microstructures and properties of collagen-degraded tissues are revealed, and stress relaxation 

responses of biological tissues are believed to be correlated with contributions of collagen 

degradation and tissue repair [95-97, 101]. 

In previous studies, investigators have sought to understand the role of collagen in the 

viscoelastic property of the tissue by depleting collagen using collagenase during stress 

relaxation.  Effects of the collagenase and tensile loading have great influences on the material 

response of stress relaxation.  From the stress relaxation testing of collagen cornea strip 

undergoing enzymatic cleavage with the application of collagenase and stretching [96, 97], the 

relationship among collagenase, strain, and stress relaxation has been introduced that the 

tensile force may provide the ECM with strength to resist collagenolytic enzymes.  In addition, 

dependencies of the fiber direction and strain have been discovered to significantly associate 

with stress relaxation responding to mechanical loading.  Van Loocke, Lyons, and Simms 

[107] and Liu and Yeung [105] have verified the significant feature of directional dependency 

attributed to fiber alignment in the porcine muscle and skin tissues, respectively.  The strain-

dependent effect in the rat tendon or the rectus abdominis and the linea alba of rabbits has also 

been mentioned [100, 101].  Although those studies have provided a lot of information related 

to mechanical responses of various soft biological tissues during stress relaxation, it remains 

incompletely understood how viscoelastic properties of valve leaflet tissues may change during 
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physiological or pathological remodeling.  Currently, the nonlinear anisotropic mechanical 

behaviors of normal AV and PV tissues have been comprehensively investigated and 

constitutively modeled via biaxial testing [8, 10-13, 15, 16, 36, 103, 106, 109, 123], and it is 

highly encouraged to investigate viscoelastic behaviors of heart valve leaflets in the 

mechanical environment. 

In the current study, to understand the mechanical behavior in stress and the 

viscoelastic property of the heart valve changed with collagen degradation, a tissue-level 

investigation for the collagen-deficient heart valve tissue responding to the mechanical 

environment has been performed via the testing of stress relaxation.  An application of 

collagenase for collagen degradation is utilized to simulate effects of MMPs normally involved 

in collagen remodeling and inspired to induce the progressive changes in mechanical properties 

of heart valves.  A series of stress relaxation testing under different strain levels (37.5% and 

50% of strain ranges) and with application of collagenase solutions (0.2 mg/ml, 0.5 mg/ml, 

and 1.0 mg/ml of collagenase concentrations) are performed to present the decrease in stress 

and the sensitivity of collagen fibers to proteolytic degradation.  Furthermore, the quantity of 

collagen dissolved from the heart valve tissue, which is an indirect method to measure collagen 

concentration via the collagen assay [124], is also conducted to verify the relationship among 

collagenase concentrations, strain levels, and amounts of collagen remaining in heart valve 

tissues, corresponding with stress drops in different conditions. 
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3.3    Materials and Methods 

3.3.1    Preparation of Specimens and Collagenase Solutions 

Eight porcine hearts (sows, eight-month to one-year old) are dissected in the Nahunta 

Pork Center (Pikeville, NC) and immediately returned to the laboratory within 60 minutes.  

Twenty-four AVs and 24 PVs are dissected axially along the aorta and the pulmonary artery 

in each heart, and then square specimens (10 mm × 10 mm) are cut from all AV and PV leaflets 

[16].  To better maintain physiological functions of tissues in a biomimic environment, all 48 

leaflet specimens are immediately immersed in HBSS solution (Lonza, Walkersville, MD) in 

37°C.  Meanwhile, three concentrations (0.2 mg/ml, 0.5 mg/ml, and 1.0 mg/ml) of collagenase 

solutions (Worthington, Lakewood Township, NJ) are prepared for collagen degradation and 

then stored in the refrigerator in 4°C. 

 

3.3.2    Biaxial Tissue Tester 

Biaxial testing system in my laboratory and protocols have been described in detail 

previously [16].  In brief, a biaxial tissue tester (BioTester 5000, CellScale, Canada), equipped 

with two load cells (500 mN) for two perpendicular axes of loading, is used for measuring the 

force and displacement of the semilunar heart valve tissue leaflets.  The measured values are 

used to further obtain stress–strain curves and to calculate the parameters of the material 

stiffness.  Synchronized time lapse video for real-time monitoring and postprocess analysis are 



 

51 

performed with the charged-couple device (CCD) camera, which acquires images with a pixel 

resolution of 1280×960 at an acquisition rate of 15 Hz, with a lens focal length of 75 mm.  A 

temperature-controlled saline chamber with data logging capability provides a physiological 

environment for testing soft tissue specimens.  BioRakes provide fast and accurate sample 

mounting: each BioRake consists of five tungsten tines used to anchor one edge of the 

specimen.  Four rakes provide uniform attachment across the edges of the samples and evenly 

distribute load spanning 4mm in length on each side of the sample. 

 

3.3.3    Stress Relaxation 

Stress relaxation is a viscoelastic property of the soft tissue which presents a decrease 

in stress under a constant strain.  It is known that the magnitude level of stress relaxation is 

changed with the varied external mechanical stretching or the tissue structure.  Here two groups 

are tested: eighteen AV and 18 PV specimens are assigned the collagenase-treated group 

(experimental group) and other fresh specimens are defined the untreated group (control 

group).  Six conditions where three different collagenase concentrations combined with two 

strain levels are applied in each AV or PV experimental group while two strain levels but no 

application of collagenase are set for each control group.  Three AV or PV specimens are tested 

under each condition.  Moreover, in order to avoid rapidly tearing the tissue sample during 

stretching before stress relaxation, ten cycles of pre-conditioning stretching under 10% of 

strain and step raise with the strain rate of 2.5% per second  are applied [102].  When the strain 
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reaches 37% or 50%, respectively, the specimen is hold in 10,000 seconds to present 

comparable levels of relaxation [103, 106].  For each AV or PV collagenase-treated group, 

during stress relaxation testing the specimens are immersed in the fluid chamber filled with 

37°C HBSS in first 3,000 seconds, and then HBSS is replaced immediately with collagenase 

solution.  HBSS is gently removed out of the chamber and collagenase solution is added with 

a Powerpette controller (VWR, Radnor, PA).  However, solution replacement is not applied in 

each AV or PV untreated group.  At the end of the testing, each specimen is gently removed 

from the biorakes and stored in the individual centrifuge tube filled with HBSS in 37°C for the 

collagen assay. 

 

3.3.4    Normalization of Data of Stress Relaxation 

Each responses of stress relaxation to various strains and collagenase solutions is in 

various magnitude level.  Higher strain level leads to higher peak stress in the beginning of 

testing, and lower stress state of stress relaxation results from smaller applied strain.  To 

understand how applied strain and collagenase concentration affect stress relaxation, 

normalization of stress relaxation exhibits relative stress drop to the peak stress, which is 

beneficial to observe whether the patterns of all curves are consistent.  Therefore, 

normalization of stress relaxation is applied to easily observe mechanical behaviors of all 

specimens under different conditions. 
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3.3.5    Collagen Assay 

Collagen concentrations of the semilunar valve leaflets are determined via an assay kit 

(Sircol; Accurate Chemical & Scientific Corp., Westbury, NY).  In brief, specimens selected 

from each condition in each experimental or control group are cut in small square specimens 

(2 mm × 2 mm).  Four small AV or PV specimens in each condition are selected and each 

small specimen is weighed using an analytical balance (VWR, Radnor, PA).  The collagen 

extraction is performed for 72 hours and the collagen concentration is quantified following the 

protocol published in the previous study [16]. 

 

3.4    Results 

Average AV responses of stress relaxation versus time in each condition are 

illuminated in Figure 3.1 and Figure 3.2, respectively.  In the time period of 3,000 seconds (t 

= 0 ~ 3,000), the stress drops rapidly in the beginning of stress relaxation and decreases slowly 

to a constant value in each condition.  The normalized stresses in the control group under all 

conditions remain between 0.4 and 0.5 after 3,000 seconds until the end of testing.  However, 

after adding collagenase solution (t = 3,000), each stress-time curve for the collagenase-treated 

group starts to decline again until t = 10,000.  At the end of testing, final circumferential and 

radial normalized stresses are between 0 and 0.1 in both conditions of 37.5% and 50% of strain 

when the 0.5 mg/ml or 1.0 mg/ml collagenase solution is applied.  The smallest collagenase 

concentration (0.2 mg/ml) apparently has smaller influence on stress drop, and the final 
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normalized stresses in two directions are close to 0.2 or 0.15 in the condition of strain of 37.5% 

or 50%, respectively.  Figure 3.3 further illuminates that decreases in both circumferential and 

radial stress for collagen degradation are following the concentration of the collagenase 

solution; the stress drop is smallest for the control group, and the stress drop increased with 

collagenase concentration.  Up to 98% of circumferential and radial normalized stresses drop 

in the condition of highest concentration of collagenase (1.0 mg/ml) for two strain levels.  

Besides, it exhibits that only about 80% or 87% of normalized stresses relaxation in two 

directions occur in the condition of lowest concentration of collagenase (0.2 mg/ml) for 37.5% 

or 50% of strain, respectively. 
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Figure 3.1    Average AV responses of stress relaxation versus time at two strain levels 

37.5% and 50%.  Specimens immersed with HBSS are stretched under 37.5% or 50% of 

strain control and hold in 10,000 seconds.  For the collagenase-treated group, HBSS is 

replaced with the 0.2 mg/ml, 0.5 mg/ml, or 1.0 mg/ml collagenase solution for each 

experiment, respectively, after 3,000 seconds.  For control group, HBSS in the chamber is 

not changed.  The circumferential direction of the specimen is denoted “Cir.” while the radial 

direction is “Rad.” 

 



 

56 

 

 

 
Figure 3.2    Average AV responses of stress relaxation versus time at three collagenase 

concentrations 0.2 mg/ml, 0.5 mg/ml, and 1.0 mg/ml.  Specimens immersed with HBSS are 

stretched under 37.5% or 50% sf strain control and hold in 10,000 seconds.  After 3,000 

seconds, HBSS is replaced with the collagenase solution for each experiment in the 

experimental group or remains in the chamber for the control group. 
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Figure 3.3    The decrease in stress during stress relaxation of AV specimens.  The stress 

drop ratio is derived from the difference between the peak stress to the final stress is 

calculated. 

 

Average PV response of stress relaxation versus the strain level and the collagenase 

concentration in each condition also indicates the similar result of AVs (Figure 3.4 and Figure 

3.5).  Stress relaxation is sensitive to the concentration of the collagenase solution.  For the 

higher strain level (50%), both circumferential and radial stresses in the condition of 1.0 mg/ml 

collagenase solution reach zero while those stresses under 0.2 mg/ml of collagenase 

concentration decrease to above 0.1.  For 37.5% strain level, nevertheless, although 1.0 mg/ml 

collagenase solution causes larger stress drop, differences of final stresses between higher and 

lower concentrations are not distinct; all stresses incline in the range from 0 to 0.15.  The 

percentage of stress drops for all conditions are clearly observed in Figure 3.6.  Up to 94% or 
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99% of average normalized stresses along circumferential and radial directions decrease under 

37.5% or 50% of strain in the condition of the highest collagenase concentration, respectively; 

88% of average circumferential and radial normalized stress drops under both 37.5% and 50% 

of strain with the lowest collagenase concentration.  It indicates that the percentage of stress 

lost during the testing process within PV specimens is apparently greater than the percentage 

value within AVs.  As to PV stress relaxation in the control group, about 50% to 55% of 

normalized stresses drop as the specimens are stretched with 50% of strain; 60% of normalized 

stress decreases in the circumferential direction, but only 42% of stress lost in the radial 

direction when applied strain is 37.5%. 

A chemical assay is conducted to relate collagen concentration remaining in each 

specimen to stress relaxation.  AV and PV specimen under two collagenase concentrations 0.2 

mg/ml and 0.5 mg/ml are selected for the collagen assay (Figure 3.7).  After testing of stress 

relaxation, AV average collagen concentrations under high and low collagenase concentrations 

are about 18,000 μg/g and 40,000 μg/g, respectively, in both strain levels.  Besides, PV average 

collagen concentrations under high strain and high collagenase concentration is 17,742 μg/g 

similar to AV collagen concentration, but collagen concentration in the condition of 50% of 

strain and 0.2 mg/ml collagenase solution is 29,747 μg/g, smaller than AV in the same 

condition.  PV average collagen concentrations increase to 32,767 μg/g and 49,481 μg/g when 

the conditions are changed to 37.5% - 0.5 mg/ml and 37.5% - 0.2 mg/ml, respectively. 
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Figure 3.4    Average PV responses of stress relaxation versus time at 37.5% and 50% of 

strain levels. 
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Figure 3.5    Average PV responses of stress relaxation versus time at 0.2 mg/ml, 0.5 mg/ml, 

or 1.0 mg/ml collagenase concentrations. 
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Figure 3.6    The percentage of stress drop during stress relaxation of PV specimens. 

 

  

Figure 3.7    Quantity of collagen remaining in the tissue specimen after stress relaxation 

and collagen degradation.  Four small AV or PV specimens in each condition are selected to 

perform collagen extraction for 72 hours. 
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3.5    Discussion 

Collagen degradation is characterized by activities of MMPs during physiological or 

pathological ECM remodeling, and collagen-deficient structure of the heart valve leaflet causes 

the alteration of the mechanical property.  While mechanical behaviors of normal heart valve 

tissues have been comprehensively investigated and constitutively modeled via biaxial testing 

[8, 10-13, 15, 16, 36, 99, 103, 106, 109], how responses of heart valve leaflet tissues to the 

mechanical environment change with collagen degradation are not well understood.  It is 

hypothesized that dependencies of the mechanical strain and collagen degradation may play 

important roles in alteration of viscoelastic properties of native degenerated heart valves in this 

study.  To understand the influence of collagen degradation on the mechanical property of the 

heart valve tissue, this study evaluates the decrease in stress, collagen concentrations remaining 

in collagen-degraded heart valve tissues, and the sensitivity of collagen fibers to proteolytic 

degradation via stress relaxation testing under different strain levels and with the application 

of collagenase solutions. 

 

3.5.1    Collagen Degradation in Heart Valve Leaflets 

As collagen synthesis and degradation are in balance, the maturation phase of tissue 

remodeling or wound repair is initiated.  The pathological responses to tissue injury reveal the 

contrast to the normal tissue repair due to disordered collagen degradation and synthesis [47, 

88, 89].  It has been well known that structural or genetic defects occurring in heart valves 
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result from abnormal collagen degradation mediated by excessive regulations of MMPs [88-

90, 92].  Fondard et al. have investigated that more MMPs are secreted to induce more tissue 

abnormalities such as calcification in pathological remodeling of ECM-degraded AVs [90].  

Yeghiazaryan, Skowasch, Bauriedel, Schild, and Golubnitschaja have demonstrated MMP 

expressions associated with native degenerating AVs [88].  It is also believed that collagen 

digestion may induce calcification of the ECM [38, 40, 78], which leads to changes of 

organization, composition, the mechanical property of the ECM [38-43, 80-82, 93].  In order 

to understand the influence of collagen degradation on the material property of the heart valve 

tissue, Rodriguez et al. have simulated collagen degradation with collagenase and revealed that 

disruption of collagen leads to mineralization and introduction of calcification by detecting 

that VIC phenotype responding to the introduction of collagen deficiency affects the structural 

characteristics of the heart valve leaflet [78].   

In the other side, mechanical forces have been verified to have influences to inhibit or 

enhance ECM remodeling by MMP activities [54, 72-74, 90, 91].  In previous studies, it has 

been investigated that mechanical forces closer to the direction of fiber alignment tend to more 

ameliorate enzymatic cleavage of collagen [96, 97].  Chen et al. has examined that 24-hour 

shear stress (12 dyn/cm2) would prevent human aortic endothelial cells from inflammation and 

proliferation [125]; however, Lehmann et al. has tested that 10% mechanical strain applied for 

72 hours may initiate the process of calcification of the AV tissue [80].  Owing to occurrence 

of collagen-destructive structure of the tissue, it is suggested that both collagen degradation 

and mechanical forces may induce changes in the viscoelastic property of the heart valve tissue.  
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This research further provides complementary information associated with the viscoelastic 

behavior of the simulated collagen-deficient heart valve tissue via the application of 

collagenase.  It has been clearly observed collagen depletion from micrographs captured by 

the tester (Figure 3.8): fiber-distributed regions on specimens gradually decrease as 

collagenase is added.  Besides, compared with the control groups, images of specimens during 

stress relaxation show less fiber-distributed regions and more transparent microstructures 

while higher concentration of collagenase solution is applied, which suggests that greater 

collagen digestion takes place. 

  Figure 3.7 illuminates that the AV collagen concentration in the control group is lower 

than the PV collagen concentration, which is similar to the result in the previous study [16].  

Moreover, collagen concentrations remaining in untreated AV tissues (60,904 μg/g) and PV 

tissues (81,077 μg/g) at 50% of strain level are close to those at 37.5% of strain level (AV: 

55,991 μg/g and PV: 78,348 μg/g), respectively, which suggests that the strain may not cause 

collagen depletion but introduce cleavage of collagen fibers.  It also shows that greater collagen 

digestion takes place in PV tissues at both strain levels when collagenase is added.  These two 

strain levels, especially 50% of strain, may lead to over-stretched phenomenon and more 

collagen cleavage in PV tissues, and unloaded, cleaved collagen fibers are easily digested by 

collagenase.  Thus, the amount of collagen decrease quicker in PV tissues when collagenase is 

applied.  Nonetheless, 37.5% and 50% of strain may cause less activity of collagen cleavage 

and less collagen degradation in AV tissues due to decreases in collagen concentration at two 

strain levels are smaller. 
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0.2 mg/ml collagenase concentration (left: t = 0; right: t = 10,000) 

  

0.5 mg/ml collagenase concentration  (left: t = 0; right: t = 10,000) 

  

1.0 mg/ml collagenase concentration  (left: t = 0; right: t = 10,000) 

  

Figure 3.8    Images of tissues under 37.5% of strain captured by the biaxial tissue tester.  

The degree of transparency is different between the initial stage and final stage during stress 

relaxation.  Collagenase digests collagen and its concentration affect the degree of 

transparency of the tissue. 
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3.5.2    Dependency of the Fiber Direction 

Results exhibit that the response of normalized stress relaxation is significantly related 

to fiber orientation, the applied strain, and the adjusted collagenase concentration.  From 

Figure 3.1 and Figure 3.2, the directional dependency is detected that AV stress relaxation in 

the circumferential direction is greater than that in the radial direction.  The normalized stress 

in the circumferential direction in each stretch level (37.5% and 50% strains) exhibits larger 

stress relaxation than the one in the radial direction.  This phenomenon is observed in both the 

control group and the collagenase-treated group.  Accordingly, it is suggested that most stress 

drops in the circumferential direction is larger than those in the radial direction.  Furthermore, 

the direction-dependent effect has more obvious influence on the stress relaxation in the 

condition of the smaller strain level.  Thus, it is inferred that the direction-dependent effect 

appears at a certain strain level.  Similarly, PV tissues are also implied to have direction-

dependent patterns of normalized stress-time curves, especially in the time period of first 3,000 

seconds (Figure 3.4 and Figure 3.5). 

Significantly, this direction-dependent phenomenon may be attributed to the material 

structure, that is, fiber orientation.  A few studies have exhibited the relationship between fiber 

orientation and the stress relaxation behavior of the tissue [96, 97, 100, 103, 105-107].  My 

finding is corresponding with results of skeletal muscle in compression by Van Loocke et al. 

that greater stress relaxation takes place along the direction of collagen fibers, which 

hypothesizedly result from the movement of the fluid component in the tissue [107].  For our 

testing, as the stretching load is perpendicular to fiber direction, the fluid component is free to 
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moves along the fiber whereas it is constrained by other components in the ECM stretched 

along the fiber direction, so that larger stress relaxes in the circumferential direction.  Other 

approaches to heart valve leaflets have been proposed that greater stress relaxation takes place 

in the radial direction in heart valve leaflets during biaxial stretching when those tissues are 

loaded with a constant membrane tension [103, 106].  These opposite results, nevertheless, 

may be attributed to their force-controlled method for stress relaxation.  Regardless of different 

tested tissues and methods, this direction-dependent phenomenon existing in heart valve 

tissues may be a likely result that biaxial stretching causes fiber rotation and the interaction 

between fibers due to anisotropic materials (or collagen orientation). 

 

3.5.3    Dependency of the Stretch Level   

It is manifested that stress relaxation of the heart valve tissue is highly dependent on 

the stretch level.  Stress relaxation along the circumferential or radial direction shows larger 

stress drop at 50% of strain level (pink or light blue) than that at low strain level in each 

condition of collagenase concentration (Figure 3.2).  Collagen-degraded PV specimens have 

similar responses of stress relaxation, especially for two conditions of 0.5 mg/ml and 1.0 mg/ml 

collagenase solutions (Figure 3.5).  Furthermore, the amount of stress drop indicates that the 

more stretching contributes the more stress lost (Figure 3.3), suggesting that stress relaxation 

and collagen degradation are dependent on the stretching level, even though data of stress drop 

for PV specimens is insufficient to support the conclusion of stretching dependency.  The 



 

68 

strain-dependent effect has also been discovered in other studies [100, 101, 105].  Cousineau-

Pelletier and Langelier have demonstrated that greater stimulated loading within the tendon 

reduces relatively more enzymatic degradation and promote greater cell activity to repair [101].  

Liu and Yeung have also proposed that the higher strain level causes decreased stress 

relaxation of the specimen whose fibers are parallel to longitudinal axis whereas lower 

stretching enhances stress relaxation of the same fiber-oriented specimen [105].  Besides, 

Calvo, Sierra, Grasa, Munoz, and Pena have demonstrated relationship between stress 

relaxation and the stretch level for the rectus abdominis and the linea alba of rabbits [100].  In 

spite of different types of tissue, their findings corresponding with this study may better 

demonstrate the significance of strain application (or deformation) on material properties of 

viscoelastic materials. 

The comparison in stress relaxation between stretched and unstretched tissues by 

Robitaille et al. have reflected that 90% of stress drops for stretched, collagenase-treated 

groups whereas the unstretched, fresh groups simply have insignificant decrease in stresses 

[96].  Calvo et al. have found two opposite results between their two different tissues of the 

rectus abdominis and the linea alba disserted from rabbits [100].  Higher stretching causes 

larger stress relaxation in the linea alba but have negative influences on stress drop in the rectus 

abdominis.  The relation of energy absorption and energy (or stress) release rate for these two 

different tissues has been supposed, even though there is no sufficient evidence to verify the 

strain effect on the mechanical behavior of the tissue [100, 126, 127].  Since collagenous 

tendons tend to store elastic energy, the higher strain level causes energy release at a slower 
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rate in the tendon-like tissue such as the linea alba.  On the contrary, muscles containing less 

collagen easily dissipate energy, which implies that muscle-like tissues such as the rectus 

abdomonis release energy faster at the higher strain level [100, 127].  Collagen-degraded heart 

valve leaflets caused by collagenase, therefore, can be considered less-collagen tissues and 

possess the feature that higher stretch induces greater stress relaxation corresponding with the 

viscoelastic behavior of rectus abdomonis [100].  In addition, Liu and Yeung have concluded 

that the certain greater stretch level (15% of strain) distinctly leads to larger stress relaxation 

than the smaller stretch level (5% or 10% of strain) does in the skin tissue during uniaxial 

testing [105].  However, their finding of higher stress relaxation following with higher strain 

level is similar to our result but opposite to the stress relaxation response of the linea alba by 

Calvo et al. [100] even though collagen is also rich in the skin tissue [99, 128].  In fact, the 

preferred fiber orientation in the skin tissue is difficult to visualize [129].  It might be supposed 

that during testing the skin tissue with a large sample size (100 mm × 50 mm) [105] contains 

more unpreferred fibers along the direction of uniaxial stretching, or fiber orientation would 

not correspond with the stretching direction. 

It is further observed that 35% or 50% of strain causes normalized stress relaxation of 

the linea alba sample to the range between 0.4 and 0.5 in 1,500 seconds [100].  The stress drops 

fast in the first 200 seconds and then linearly decreases to the stable level.  Liu and Yeung  also 

have demonstrated that 15% of strain causes largest normalized stress relaxation of parallel 

and perpendicular skin samples to 0.4 and less than 0.2 at t = 1,200, respectively [105].  The 

stresses drop fast in 200 seconds, and the strain more than 15%, e.g. 37.5% or 50%, would 
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produce more stress relaxation according to their conclusion.  Thus, the degrees of stress 

relaxations shown in two studies [100, 105] are greater than our results that normalized stresses 

in both circumferential and radial directions are between 0.5 and 0.6 at t = 3,000 whether the 

specimen is under higher strain (50%) or lower strain (37.5%) (Figure 3.2 and Figure 3.5).  It 

is suggested that the skin tissue and the linea alba (tendon-like tissue) have significantly 

different viscoelastic properties.  Furthermore, under 35% stretching tangent moduli of the 

linea alba of the rabbit, the porcine skin tissue (along preferred fiber direction), and the porcine 

heart valve tissue (along circumferential direction) are ~100 kPa [100], 378 ± 160 kPa [129], 

and 1577 ± 54 kPa [16], respectively.  The skin tissue and the linea alba, therefore, are more 

compliant compared with the heart valve leaflet, which suggests that the stiffness of the tissue 

may have influence on stress relaxation, and the more compliant tissues may have greater 

degrees of stress relaxation.  However, this hypothesis is contradictory to my results that the 

heart valve tissue in the radial direction is more compliant [16] but normalized stress relaxation 

in the circumferential direction is greater.  The method of stretching might be critical to affect 

stress relaxation; biaxial testing might contribute less normalized stress relaxation along 

preferred fiber direction for the skin tissue and the linea alba than AV stress relaxation due to 

fiber rotation and the interaction between fibers mentioned previously. 
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3.5.4    Dependency of the Collagenase Concentration 

The dependency of collagenase concentration is greatly suggested existing in the heart 

valves.  At any strain level, stress relaxations of AV tissues in the circumferential or radial 

direction under any conditions of collagenase concentrations are distinct to observe, 

respectively (Figure 3.1).  The stress relaxation varies with collagenase concentration; the 

greatest stress relaxation along the circumferential or radial direction (dark red or dark blue) 

occurs when 1.0 mg/ml collagenase solution is applied, and the stress relaxation is mitigated 

with the decreased concentration of the collagenase solution.  These results are corresponding 

with normalized stress drops in Figure 3.3.  Similar to testing AV samples mentioned above 

except the result in the condition of 37.5% strain level and 0.5 mg/ml collagenase solution, 

stress relaxation of PV samples are augmented as the collagenase concentration is increased 

(Figure 3.4 and Figure 3.6).  Hence, stress relaxation responses of AV and most PV specimens 

highly related to collagen degradation infer that the feature of collagenase concentration 

dependency is a significant factor in the mechanical behavior of the tissue.  In fact, more 

collagenase applying to degrade collagen fibers results in the defective structure of the tissue 

specimen such as depletion of collagen, and therefore the tissue no longer maintains its 

strength; that is, the resistant stress against external force is relatively weaken even diminishes.  

Results of collagen quantity that the larger concentration of the collagenase solution causes 

less collagen remaining in the tissue specimen also suggests collagenase concentration highly 

corresponding with stress relaxation (Figure 3.7). 
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3.5.5    Independency of the Type of the Heart Valve Tissue 

The direction-dependent, collagenase concentration-dependent, and stretching-

dependent effects have been pointed out from a series of stress relaxation for AV and PV 

specimens undergoing collagen degradation.  However, there is one independent relationship 

between stress relaxation and the type of heart valve tissues.  Figure 3.9 and Figure 3.10 show 

the comparison between stress relaxations of AV and PV specimens in each direction at each 

strain level.  The similarity of stress relaxation response between AV and PV specimens in 

each condition of the strain level and the collagenase concentration suggests that stress 

relaxation may not be associated with AV or PV tissues. 

 

3.5.6    Study Limitation 

Although heart valves constantly experience different stress states and can be subjected 

to large loading during cardiac cycles, the heart valve specimens are experimentally 

constrained in a certain strain range during the testing of stress relaxation.  These specimens, 

especially PV tissues, are not sensitive to a small strain level.  Heart valves have been verified 

that they are capable to be stretched with maximum strain of 35% and the strain rate of 2.33% 

per second in the mechanical testing presented in the previous research [16].  Nevertheless, as 

they are hold with a small strain, e.g. 25% of strain, during stress relaxation, the biaxial tissue 

tester would not precisely record the actual values of the stretch loads during specimens 

undergoing stretching.  The main reason may be that the small stiffness of the material in the  
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Figure 3.9    Average AV and PV responses of stress relaxation in two directions versus 

time at 37.5% of strain level.  It is illuminated that the stress relaxation behaviors of heart 

valves may be independent of the valve type (AV or PV). 
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Figure 3.10  Average AV and PV responses of stress relaxation in two directions versus 

time at 50% of strain level.  It is also illuminated that the stress relaxation behaviors of heart 

valves may be independent of the valve type. 
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initial stage of stretching [16] causes the soft specimen to easily extend in a certain small strain 

range.  The small strain may not have a great impact of expansion for the soft tissue, and the 

tiny loading may not be reflected by the tester.  In the other side, heart valve specimens easily 

suffer tear as the applied strain value or the strain rate is set too high.  It is detected that more 

than 50% of strain would tear specimens and cause inaccurate mechanical response of stress 

relaxation.  To avoid tearing specimens, step raise with the strain rate of 2.5% per second is 

applied and the maximum strain is limited to 50% of strain in this research. 

 

3.6    Conclusion 

  In the current study, a biomechanical approach is proposed to aim at understanding 

progressive changes in viscoelastic properties of heart valves via degrading collagen during 

stress relaxation.  The application of collagenase varies the microstructure of the tissue and 

weakens its strength against deformation.  A series of stress relaxation testing demonstrate 

mechanical behaviors of AV and PV specimens are highly related to fiber orientation, the 

collagenase concentration, and the applied strain level, but not the valve type.  Data of stress 

drops further verify stretching and the collagenase concentration have significant influence on 

stress lost.  It is supposed that the heart valve tissue may have greater stress relaxation while 

the collagen fibers parallel to the circumferential axis, the high dense of collagenase solution 

is added, or the higher value of the applied strain is set.  As a result, it is concluded that heart 

valves are direction-, collagenase concentration-, and stretching-dependent. 
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CHAPTER 4     

VIRTUALIZATION OF STRESS DISTRIBUTION IN THE HEART VALVE TISSUE 

 

 

This chapter is based on work published as: 

Huang, S., and Huang, H.-Y. S., 2014, "Virtualization of Stress Distribution in Heart Valve 

Tissue," Computer Methods in Biomechanics and Biomedical Engineering, 17(15) pp. 1696-

1704, DOI: 10.1080/10255842.2013.763937. 

 

 

4.1    Summary 

This chapter presents an image-based finite element analysis (FEA) incorporating 

histological photomicrographs of heart valve tissues.  Stress fields inside heart valve tissues 

are reported, where heterogeneously distributed collagen fibers are responsible for transmitting 

forces into cells.  Linear isotropic and anisotropic material properties of tissue 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 cells.  Results clearly reveal the roles of heterogeneously distributed collagen 

fibers in mitigating stress developments inside heart valve tissues.  Moreover, most local peak 
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stresses occur around cell nuclei, suggesting that higher stress may be mediated by cells for 

biomechanical regulations. 

 

4.2    Introduction 

It is estimated that 250,000 Americans currently suffer from heart valve diseases [2, 

130].  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 biomechanical 

regulations [83-86, 131].  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 the 

valvular ECM and cell functions are modulated by mechanical forces and stretches [11, 31, 

33-36, 132], where 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, and differentiation to other phenotypes [18, 19, 21, 131, 

133, 134].  It has been demonstrated that valve interstitial cells (VICs) play a significant role 

in the maintenance and regeneration of heart valves [18, 19, 21, 23, 134].  Thus, there is a 

critical need to understand matrix–cell interactions.  
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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 remodeling, which are 

different from conventional replacements [3-5], and impacts from rejections of blood and 

tissue type no longer take place.  However, even if tissue-engineered heart valves have been 

achieved in vitro [135-137], 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 nonlinear anisotropic material property for the heart valve [8, 10, 12, 14].  

Collagen fiber orientation and impaction in the circumferential direction during heart valve 

functioning can resist more deformation in the circumferential direction [10-13]; 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 collagen fiber architecture [10-13].  To 

investigate such microstructural responses of the heart valve in a mechanical environment, 

computational simulations of heart valve tissues via FEA have been widely applied, given a 

simplified homogeneous finite element model to represent a highly heterogeneous collagen 

fiber network [27-30].  In simplified homogeneous elastic finite element models, the stress 

distribution on the valve leaflet via FEA has illustrated the relationship between the collagen 
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fiber orientations, fiber bundle locations, and local stresses, suggesting that the stress 

distribution is highly dependent on the collagen fiber distribution [27-30].  Some geometric 

parameters are also regarded as important factors for the mechanical behavior of heart valve 

tissues, such as leaflet diameters and thickness [27-30, 111]. 

Furthermore, isolated VICs are usually subjected to strain via a mechanical tension 

system or quantified indirectly via confocal microscopy with the linear elasticity 

approximation [36].  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 morphologies when seeded in 

matrices with different stiffnesses in calcifying media [40].  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 [18, 19, 21-25, 134, 138].  While these 

experimental approaches have successfully demonstrated that ECM–VIC mechanical 

interactions play significant roles in tissue homeostasis, it is clear that enabling the 

visualization 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 behaviors in the heart 

valve tissues [8, 30, 139, 140].  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 customized functionalities simulates heterogeneous collagen fiber 
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microstructures and VIC populations, and further matrix-to-cell stress transfer is virtualized in 

heart valve tissues. 

 

4.3    Materials and Methods 

4.3.1    Photomicrograph Preparation 

 In this study, standard histological photomicrographs are chosen to use in developed 

image-based biomechanics study because microstructures of the ECM and cells can be 

preserved for microscopic investigation.  In brief, porcine pulmonary valve leaflet samples are 

fixed in 10% (v/v) buffered formalin, paraffin embedded, sectioned and stained with 

Hematoxylin and Eosin (H&E), and the histological slides are digitized as photomicrographs 

via an optical microscope [11, 16].  Because the field of view of the microscope at the required 

magnification for high-resolution imaging is limited, panoramic images based on the said high-

resolution photomicrographs are generated by digital concatenation to span the entire tissue 

sample area of interest.  Panoramic images are constructed from four to five overlapped 

photomicrographs; to render a sufficiently high-quality panoramic image, a span of overlap of 

50–70% is required.  The panoramic photomicrograph images reveal the microstructures of the 

ECM and VICs.  For details, please refer to [11]. 
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4.3.2    Image-Based FEA 

 Because of the difficulty in describing the microstructure in conventional FEA 

packages, simplified and homogenized models are built to investigate the microstructural 

behavior.  Different from the 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 properties of generic microstructures 

[141, 142].  By capturing a digital microstructural photomicrograph where heterogeneous 

collagen fiber architecture and cell population are preserved and visualized, OOF can create 

an image-based finite element 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 include ‘holes’, where no material properties have been defined.  The extension 

uses the properties of the colors in the image to distinguish between various objects in the 
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image.  The hue–saturation–intensity (HSI) color space represents colors as a combination of 

the following: (1) the shade of a color (i.e. hue), such as blue, green, red, and yellow.  (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 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 pores appearing as transparent regions in the photomicrograph), 

whereas collagen fibers manifest a relatively high saturation (Figure 4.1).  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. 
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Figure 4.1    The developed pixel selection extension based on the HSI color 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 pores are 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 μm, original magnification, 400×. 

 

4.3.3    Constitutive Relations Used in the Finite Element Simulations 

 Based on the previous biaxial mechanical analysis of PV leaflet tissue [16], three 

piecewise linearized elastic orthotropic material property sets associated with distinct toe (0-

18%), transition (18-28%), and linear (28-35%) equibiaxial strain ranges (Table 2.1) are used 

to obtain the constitutive relation for orthotropic materials capable of simulating the nonlinear 

anisotropic material properties within the finite element models.  Due to the relative thinness 
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of the tissue histological sections imaged (i.e. 4 μm), the finite element model in the current 

study is considered to be under two-dimension (2-D) plane stress with equibiaxial boundary 

conditions.  For the plane stress material (σz = 0, τyz = τxz = 0), the constitutive equation can be 

rewritten as:  

    {

𝜀𝑥

𝜀𝑦

𝛾𝑥𝑦

} = [
𝑆11 𝑆12 0
𝑆21 𝑆22 0
0 0 𝑆66

] {

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

} and 𝜀𝑧 = 𝑆31𝜎𝑥 + 𝑆32𝜎𝑦, 

where Sij is the compliance matrix (i, j = 1, …, 6), ε and γ are the strains, and σ and τ are the 

stresses.  The 2-D compliance matrix for orthotropic materials can be determined via moduli 

of elasticity Ex and Ey, Poisson’s ratios νxy and νyx, and the shear modulus Gxy [143, 144]:  

     [𝑆] = [
𝑆11 𝑆12 0
𝑆21 𝑆22 0
0 0 𝑆66

] =

[
 
 
 
 

1

𝐸𝑥
−

𝜈𝑦𝑥

𝐸𝑦
0

−
𝜈𝑥𝑦

𝐸𝑥

1

𝐸𝑦
0

0 0
1

𝐺𝑥𝑦]
 
 
 
 

, 

and the stiffness matrix [C] consequently can be obtained as follows: 

    [𝐶] = [𝑆]−1 =

[
 
 
 
 

𝐸𝑥

1−𝜈𝑥𝑦𝜈𝑦𝑥

𝐸𝑥𝜈𝑦𝑥

1−𝜈𝑥𝑦𝜈𝑦𝑥
0

𝐸𝑦𝜈𝑥𝑦

1−𝜈𝑥𝑦𝜈𝑦𝑥

𝐸𝑦

1−𝜈𝑥𝑦𝜈𝑦𝑥
0

0 0 𝐺𝑥𝑦]
 
 
 
 

. 

The Poisson’s ratio νyx is derived from the relation 𝜈𝑦𝑥 = 𝜈𝑥𝑦
𝐸𝑦

𝐸𝑥
 [143, 144].  The shear modulus 

Gxy is obtained from the relation 𝐺𝑥𝑦 =
√𝐸𝑥𝐸𝑦

2(1+√ν𝑥𝑦ν𝑦𝑥)
.  
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4.3.4    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 (Figure 4.2).  Because 2-D histological 

photomicrographs are used in this study (Figure 4.2a), the plane stress condition is assumed 

in the FEA.  A 500×500-pixel image of an en-face pulmonary valve leaflet photomicrograph 

is used for simulations with 30% of strain stretching equibiaxially (Figure 4.2b).  Quadrilateral 

plane stress elements are used in our finite element models.  The pixel is the unit used in our 

finite element models; therefore, a 500×500-pixel finite element model with 30% equibiaxial 

stretching is equivalent to a 150-pixel displacement stretching in all directions (Figure 4.2c).  

To illustrate the stress transfer because of heterogeneous collagen fiber architecture and the 

anisotropic material property, this study conducts two sets of virtual experiments: (a) The 

linear isotropic material property is assumed and adopted in collagen fibers: E = Ex = Ey = 408 

kPa (Table 2.1), ν = 0.45.  The value is obtained from our experimental result around 30% 

biaxial stretching [16].  It is aimed to delineate the effects of heterogeneous collagen fiber 

architecture.  (b) The anisotropic material property for the collagen fibers is used, and the 

material property is obtained and derived from our previous experimental findings [16].  It is 

well recognized that heart valve tissues experience large deformation during cardiac cycles.  A 

piecewise linear elastic material properties during 28–35% of equibiaxial stretching (Ex = 

1457.19 kPa, Ey = 172.44 kPa, and νxy = 0.45) [16] are used to obtain the stiffness matrix in 

the anisotropic finite element model [16, 143, 144]: 
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    [𝐶]𝑧𝑜𝑛𝑒 3 = [
1493 79 0
79 176 0
0 0 217

] kPa. 

Cell nuclei are assumed to be isotropic materials, and E = 0.9 kPa and ν = 0.45 are adopted 

[11].  It is well recognized, however, that biological tissues or cardiac cells such as VICs are 

viscoelastic [145-147].  Considering that the time period of cardiac loading is about 400 ms, 

any viscoelasticity of tissues and cells is not expected to contribute significantly to simulation  

 

 
Figure 4.2    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 × 500 pixels.  

(c) Applying boundary conditions on the meshed image.  (d) Obtaining calculated stress 

fields in nine regions in the selected image, 400×. 
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predictions.  Pores are also assumed to be isotropic materials with E = 0.01 kPa and ν = 0.45.  

Moreover, to better visualize and quantify the stress transfer between the ECM and cell nuclei, 

nine regions are defined as shown in Figure 4.2d.  Stress fields at each integration point in the 

500×500-pixel finite element models are calculated. 

 

4.4    Results and Discussion 

 The FEA results depict effects of inhomogeneous collagen fiber architectures while 

samples are under 30% strain due to equibiaxial stretching.  The contours of displacements for 

isotropic and anisotropic models are shown in Figure 4.3.  The displacement in the radial 

direction of the isotropic model reveals how collagen fiber distribution affects displacement 

contours, as shown in Figure 4.3b.  In general, a homogenized finite element model with 

isotropic material properties would provide displacement gradients parallel to the 

stretching/loading directions.  Because our models incorporate heterogeneous microstructures, 

the results are distinct from other studies that do not consider collagen fiber architectures and 

cell distributions.  From our selected sample (Figure 4.2b), pores are located in the upper right 

and lower left corners, and therefore, collagen fibers are shifted normal to these directions 

because of the low stiffness of the pore: a displacement gradient in the radial direction then 

appears to be somewhat parallel to the circumferential direction.  Moreover, less displacement 

is observed in the anisotropic models in the circumferential direction, which is because of the 

stiffness matrix: the components contributing to the circumferential direction are stiffer than 
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those in the isotropic models.  Although the components contributing to the radial direction 

are more pliable than those in the isotropic models, less displacement in the radial direction is 

also observed in the anisotropic models.  It is concluded that circumferential collagen fibers 

have constrained the deformation in the radial direction.  Therefore, complete descriptions of 

heart valves could be delineated by finite element models incorporating heterogeneous 

collagen fibers and cell distribution. 

 

 
Figure 4.3    Contours of displacement in circumferential (x) and radial (y) directions for 

isotropic and anisotropic models.  (a)-(b) Contours of displacement in circumferential and 

radial directions for isotropic models.  Color key: blue = -150 (pixel) and red = 150 (pixel).  

(c)-(d) Contours of displacement in circumferential and radial directions for anisotropic 

models.  Color key: blue = -70 (pixel) and red = 90 (pixel). 
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To better visualize how mechanical stresses are transferred from the ECM to cell nuclei 

under 30% strain stretching equibiaxially, stress fields for both isotropic and anisotropic 

models are shown in Figure 4.4.  Figure 4.4a-c presents stress fields in the isotropic finite 

element models, and Figure 4.4d-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 the ECM and cells for both isotropic and anisotropic 

models.  Stress values at selected locations are shown in Table 4.1 and Figure 4.4 to delineate 

the effects of collagen fiber architectures and material properties. 

 

Table 4.1    A comparison of stress fields at two locations with two material properties inside 

heart valve tissue photomicrographs. 

 

Stress 

fields 

Location 1 

(185, 360) 

 Location 2 

(220, 270) 

Isotropic materials 

(kPa) 

Anisotropic 

materials (kPa) 

 Isotropic materials 

(kPa) 

Anisotropic 

materials (kPa) 

σxx 3361.82 753.03  2231.11 978.68 

σyy 1635.81   86.93    967.82   84.06 

σxy -781.95            -192.21  -733.53 -96.69 
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Figure 4.4    Contours of stress in circumferential and radial directions for isotropic and 

anisotropic models.  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) σxx and σyy values of the isotropic finite element model under 30% 

equibiaxial stretching. Color key: blue = -1500 kPa and red = 5500 kPa.  (c) σxy value of the 

isotropic finite element model under 30% equibiaxial stretching.  Colour key: blue = -1400 

kPa and red = 200 kPa. (d)-(e) σxx and σyy values of the anisotropic finite element model 

under 30% equibiaxial stretching.  Color key: blue = 0 kPa and red = 1300 kPa.  (f) σxy of 

the anisotropic finite element model under 30% equibiaxial stretching.  Color key: blue = -

200 kPa and red = 200 kPa. 
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Stress concentrations of σxx are observed around the perimeters of cell nuclei in Figure 

4.4a.  However, smaller stress concentrations for σyy are found in Figure 4.4b.  Because Ex = 

Ey = 408 kPa are used for the isotropic models, the different values and locations of stress 

concentrations are mainly attributed to the inhomogeneous collagen fiber and cell nuclei 

distributions.  Shear stresses are shown in Figure 4.4c, and different locations of peak shear 

stresses are observed, compared with the ones in Figure 4.4a-b.  Based on the nature of 

isotropic materials, it is suggested that inhomogeneous collagen fiber architectures and cell 

nuclei distribution play a significant role in how stresses are transferred from the ECM to cell 

nuclei. 

From Figure 4.4d-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.  σyy in Figure 4.4e 

has a smaller value than σxx in Figure 4.4d, mainly because of the stiffness matrix: the 

components contributing to the circumferential direction are stiffer than those contributing to 

the radial direction in the anisotropic models.  The distribution of the stress concentrations is 

also different from those observed in Figure 4.4d of the anisotropic model and Figure 4.4b of 

the isotropic model.  Shear stress σxy in the anisotropic finite element model via 30% 

equibiaxial stretching is also reported (Figure 4.4f).  Different locations for the stress 

concentration are observed, compared with the ones in the isotropic model in Figure 4.4c.  

Smaller σxy 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 
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could be greatly delineated via simulations incorporating the anisotropy material property, 

inhomogeneous collagen fiber architectures, and cell nuclei distribution. 

Stress values at selected locations further revealed the effects of collagen fiber 

architectures and material properties (Table 4.1).  A location indicated by an arrow with 

coordinates (185, 360) has stresses of σxx = 3361.82 kPa, σyy = 1635.81 kPa, and σxy = 2781.95 

kPa for models using isotropic material properties (Table 4.1).  Finite element models with 

anisotropic material properties at the same location has stresses of σxx = 753.03 kPa, σyy = 

86.93 kPa, and σxy = 2192.21 kPa (Table 4.1).  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 σxx = 2231.11 kPa, σyy = 967.82 kPa and σxy = 2733.53 

kPa for models using isotropic material properties (Table 4.1).  The stress fields at this location 

for the tissues with anisotropic material properties are σxx = 978.68 kPa, σyy = 84.06 kPa, and 

σxy = 296.69 kPa (Table 4.1).  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 σxx and σyy 

values for locations 1 and 2 are comparable (less location dependent).  Interestingly, the ratio 

of stresses between the circumferential and radial directions are between 2 and 3 for isotropic 

materials (σI
xx / σ

I
yy = ~2) and are between 9 and 11 for anisotropic materials (σA

xx / σ
A

yy = 9 - 

11), regardless of the selected locations. 
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4.5    Conclusion 

To the authors’ knowledge, this is the first study reporting stress fields inside porcine 

heart valve tissues.  The FEAs incorporate collagen fibers and cell nuclei distributions, in 

addition to the measured anisotropic material properties [16].  A number of FEA studies have 

focused on elastic isotropic or anisotropic materials, and their results suggest that the stress 

distribution is highly dependent on collagen fiber distribution [27-30].  However, the 

homogeneous collagen fiber distributions generally adopted in these studies exclude any cells 

in the models.  Here, a different approach by incorporating both microstructure and anisotropic 

material properties is demonstrated to discuss how the aforementioned properties affect stress 

fields of cells inside the ECM.  This study provides stress distribution in biological tissues and 

ECM–cell stress transfer via simulations.  The result shows that the architecture of collagen 

fibers, cell nuclei distribution, and the anisotropic material property are key factors in the 

transfer of stresses from the 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%) is conducted and published elsewhere [45].  The aim 

is 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 

fiber architectures in heart valve tissues: the small-angle light scattering method utilizes a 4-

mW HeNe (λ = 632.8 nm) continuous unpolarized wave laser to gain information about tissue 

structure [10].  Polarized light microscopy has been used to visualize the heart valve tissue 
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leaflets at the intermediate scale, and branching fiber bundles and membrane structure could 

be easily observed [14].  Furthermore, polarimetric fiber alignment imaging systems have been 

used to bridge between in vitro collagen fiber distribution measurements and in silico 

multiscale modelling of heart valve tissues.  Nevertheless, cell populations are excluded from 

these images.  In contrast, I have incorporated randomly distributed cell nuclei from the 

histological photomicrographs and therefore better depict stress distributions inside heart valve 

tissues. 

This study is able to reveal the roles of heterogeneously distributed collagen fibers and 

anisotropic materials in mitigating stress developments inside heart valve tissues (Figure 4.4).  

Different stress distributions in the circumferential and radial directions are clear from the 

isotropic models (Figure 4.4a-b), whereas anisotropic models exhibit similar behaviors in the 

stress distribution in the circumferential and radial directions (Figure 4.4d-e).  Moreover, most 

local peak stresses observed in both directions occur around cell nuclei.  Because cells are 

generally more pliable than the ECM, such higher stress values may be mediated by cells for 

biomechanical regulations. 

It is known that the internal inhomogeneous composition, such as cell distribution, has 

a great influence on the mechanics of the heart valve, such as the deformation of VICs [11, 

77].  VICs are regarded as regulators associated with synthesizing and maintaining the valvular 

ECM to provide a structural 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 fiber degeneration [22, 23].  The abilities of 
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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 [25].  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 [83-86].  It has been observed that VICs are sensible to the 

mechanical environment, and phenotypes and functions of VICs can be changed to mediate 

the tissue microstructure by mechanical stimuli [11, 31-35].  These facts suggest that the ECM 

and cell functions are modulated by mechanical forces and stretches.  Therefore, the result of 

this study helps provide insights into alterations in the 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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CHAPTER 5     

PREDICTION OF MATRIX-TO-CELL STRESS TRANSFER  

IN THE HEART VALVE TISSUE 

 

 

This chapter is based on work accepted as: 

Huang, S., and Huang, H.-Y. S., 2014 (accepted), "Prediction of Matrix-to-Cell Stress Transfer 

in Heart Valve Tissues," Journal of Biological Physics, DOI: 10.1007/s10867-014-9362-z. 

 

 

5.1    Summary 

Mechanics of heart valve leaflet tissues with nonlinear anisotropic material properties 

manifest principally from the stratification, orientation, and inhomogeneity of their 

collagenous microstructures.  Disturbance of the native collagen fiber network has clear 

consequences for the valve and leaflet tissue mechanics and presumably, by virtue of their 

intimate embedment, on valvular interstitial cell (VIC) stress-strain state and the concomitant 

phenotype.   In the current study, a set of virtual biaxial stretch experiments are conducted on 

porcine pulmonary valve (PV) leaflet tissue photomicrographs via an image-based finite 

element approach.  Stress distribution evolution during diastolic valve closure is predicted at 

both the tissue and cellular levels.  Orthotropic material properties consistent with distinct 

stages of diastolic loading are applied.  Virtual experiments predict tissue- and cellular-level 

stress fields, providing insight into how matrix-to-cell stress transfer may be influenced by the 
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inhomogeneous collagen fiber architecture, tissue anisotropic material properties, and the 

cellular distribution within the leaflet tissue.  To the best of the authors’ knowledge, this is the 

first study reporting on the evolution of stress fields at both the tissue and cellular levels in 

valvular tissue, and thus contributes toward refining our collective understanding of valvular 

tissue micromechanics while providing a computational tool enabling further study of valvular 

cell-matrix interactions. 

 

5.2    Introduction 

 With at least 250,000 patients suffering from heart valve diseases in the United States 

[1, 2], it is essential that ever more effective heart valve replacements be developed, 

particularly for pediatric patients, for whom multiple reoperations are often required to account 

for somatic growth.  Building upon knowledge established through nonviable bioprosthetics 

and cryopreserved valved homografts, tissue engineering of viable replacement heart valves 

from patients' own cells has been under development since 1995, with the distinction being 

their unique potential for self-acting tissue repair, growth, and remodeling [3-5].  However, 

while significant progress has been made and candidate mechanostimulatory factors identified, 

it remains unclear how best to mechanically condition tissue engineered heart valves (TEHV), 

and ultimately, how well TEHVs can mimic the native valvular structure and valvular 

functions.  Toward addressing these and other unresolved questions concerning valvular 

structure-function correlates, it is essential to continue refining our understanding of the 
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microstructure and mechanical properties of native heart valves; particularly, stress transfer 

from the extracellular matrix (ECM) to VICs. 

The valvular ECM is largely comprised of collagens, elastin, and glycosaminoglycans, 

which in coordination confer the mechanical integrity and unique functional characteristics on 

valves [7-9].  The nonlinear and anisotropic mechanical behaviors of aortic valve (AV) and 

PV leaflet tissues have been comprehensively quantified and constitutively modeled via biaxial 

testing [10-13, 15, 16, 129].  It has been observed that progressive collagen fiber rotation into 

the principal direction of loading, uncrimping, and transverse compaction collectively enable 

the tissue to withstand diastolic transvalvular pressure [10, 12, 13].  Toward understanding 

valvular failure mechanisms, previous studies have aimed to determine the stress distributions 

in heart valve leaflet tissues by finite element analysis (FEA) and homogenization of the 

collagen fiber distribution [27-30].   However, these previous linear elastic, isotropic or 

nonlinear, anisotropic tissue-level models have yet to incorporate embedded VICs. 

Ex vivo bioreactor cultivation of native valvular tissues [148-151] and the in vitro 

application of stretch or defined substrate stiffness to VICs [91, 152, 153] and VIC-based 

engineered tissues [154, 155] have collectively demonstrated that the VIC phenotype can be 

modulated by the mechanical environment [37, 156].  Nevertheless, how heart valve leaflet 

tissue-level stresses and strains manifest locally at the cellular level remain unclear.  Huang, 

Liao, and Sacks have demonstrated that VIC nuclei can deform in response to the application 

of diastolic transvalvular pressures [11].  More recently, Lewinsohn et al. have demonstrated 

that the strain transfer through the porcine AV leaflet is anisotropic [36].  While strain transfer 
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upon loading in the leaflet radial direction is linear, cellular strains reach only one-third of the 

tissue level values when stretched in the circumferential direction.  In conjunction with the 

heterogeneous structure of valve leaflets, it is expected that micromechanical interactions at 

the VIC-ECM interface may likewise be heterogeneous, eliciting distinct biological signaling 

at distinct locations within the leaflet.  Nonetheless, neither numerical simulations based on 

simplified homogeneous finite element models nor models excluding cells can fully describe 

the micromechanical interactions within the heart valve leaflet tissue. 

Toward better understanding how external mechanical forces can translate into altered 

VIC stress states, in the current study we adapted our image-based FEA technique to 

investigate the stress evolution at both the tissue and cellular levels during diastole [26].  

Anisotropic tissue-level finite element models are incorporated, wherein three sets of 

linearized elastic orthotropic material properties are applied in the virtual biaxial experiments 

to simulate the stiffness changes associated with distinct stages of diastolic loading. 

 

5.3    Materials and Methods 

5.3.1    Image-Based FEA 

The imaged-based FEA approach applied herein is capable of simulating physiologic 

biaxial stretching of the valvular tissue matrix and cells from photomicrographs of histological 

tissue sections.  Briefly, open source, the Object-Oriented Finite Element (OOF) software [141, 
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142], developed by the National Institute of Standards and Technology (Gaithersburg, MD), is 

used to read an image and to apply various boundary conditions to the finite element model for 

the determination of the stress field in the virtual material system.  In order to prescribe distinct 

material properties to individual tissue constituents, we previously developed a pixel selection 

extension [26] that dynamically interacts with OOF.  The extension utilizes the HSI color space 

to distinguish objects within the image; for example, cell nuclei (black), the collagenous ECM 

(pink), and pores (white) can be prescribed distinct material properties in photomicrographs of 

Hematoxylin and Eosin (H&E) stained heart valve leaflet tissue histological sections (Figure 

5.1).  The extension helps to ensure that all pixels in the images are assigned to their appropriate 

pixel groups and facilitated material property assignments in the FEA process.  The current 

study aims to present an image-based simulation, and therefore micrographs of histological 

sections stained by Masson’s trichrome, Picrosirius red, or combining with 

immunohistrochemistry for confocal microscopy, as well as fixation for the transmission 

electron microscopy, can also be utilized in these image-based simulations. 

To reveal the microstructure of the ECM and VICs for microscopic investigation, 

panoramic histological photomicrographs are prepared in the image-based FEA program 

(Figure 5.1) [11, 16].  Briefly, porcine PV leaflet samples are fixed in 10% (v/v) neutral 

buffered formalin, paraffin embedded, sectioned, and stained with H&E, and the histological 

slides are digitized as photomicrographs via an optical microscope [11, 16]. 
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Figure 5.1    Illustration of the pixel selection extension based on the HSI color space.  (a) 

Original histological photomicrograph of a specimen of zero-pressure fixed PV leaflet tissue.  

(b) Hematoxylin-stained nuclei selected from the original image based on HSI parameters 

are indicated in red.  (c) Pores selected from the original image (red).  (d) Eosin-stained 

collagenous ECM selected from the original image (red).  The extension ensures that all 

pixels in the images are assigned to their appropriate pixel groups.  Scale bar = 10 μm, 400× 

original magnification. 

 

5.3.2    Assumptions Adopted in Finite Element Modeling 

Heart valve leaflet tissues are highly collagenous and can be characterized as 

effectively planar, owing to their relatively small thickness (~400 microns) compared to their 

orthogonal, lateral dimensions (ca. 3cm for porcine PV leaflets) [157].  Therefore, heart valve 

tissues are sometimes treated as two-dimension (2-D) in computational models [26, 44, 114, 

115, 158].  Moreover, heart valve tissues are subjected to the transvalvular pressure (P) 

generated during diastole in the negative axial (A) direction, such that the tissues must generate 

the resistant loads (T) or stretches in the circumferential (C) and the radial (R) directions to 

balance out the pressure (Figure 5.2).  The Young–Laplace equation is applied in the current 

study to relate the pressure difference to the leaflet tension: 𝑇 =
𝑃𝑟

2
, where T, P, and r are leaflet 
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tension, pressure difference, and radius of the sample, respectively.  Of note: the leaflet is 

treated as a very thin surface.  To study how the collagen fiber microstructure affects stress 

fields of the valvular tissue, equibiaxial stretching is utilized on the image-based finite element 

model to represent the boundary conditions of heart valve tissues during diastole, and the 

appropriate stretching is derived from the leaflet tension T via the Young–Laplace equation, 

as shown in Figure 5.2. 

 

 

 
Figure 5.2    The tension load transferred from transvavular pressure applied on heart valve 

leaflets.  During diastole, heart valve leaflets are subjected to transvalvular pressure, and it 

is balanced by the tensions T in the C and R directions.  The Young–Laplace equation, which 

demonstrates the relationship between transvalvular pressure difference and leaflet tension, 

is applied in the current study to relate the pressure difference to the force in the leaflet, 

where the leaflet is treated as a very thin surface. 
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5.3.3    Constitutive Relations Used in the Finite Element Simulations 

 As mentioned in Chapter 4.3.3, three piecewise linearized elastic orthotropic material 

property sets associated with distinct toe (0-18%), transition (18-28%), and linear (28-35%) 

equibiaxial strain ranges (Table 2.1) are used to obtain the constitutive relation for orthotropic 

materials capable of simulating the nonlinear anisotropic material properties within the finite 

element models.  The stiffness matrix [C] is derived the compliance matrix [S] as follows: 

    [𝐶] = [𝑆]−1 =

[
 
 
 
 

𝐸𝑥

1−𝜈𝑥𝑦𝜈𝑦𝑥

𝐸𝑥𝜈𝑦𝑥

1−𝜈𝑥𝑦𝜈𝑦𝑥
0

𝐸𝑦𝜈𝑥𝑦

1−𝜈𝑥𝑦𝜈𝑦𝑥

𝐸𝑦

1−𝜈𝑥𝑦𝜈𝑦𝑥
0

0 0 𝐺𝑥𝑦]
 
 
 
 

. 

The Poisson’s ratio νxy is assumed to be 0.45 for the orthotropic collagen fibers, and νyx is 

derived from the relation 𝜈𝑦𝑥 = 𝜈𝑥𝑦
𝐸𝑦

𝐸𝑥
 [143, 144].  By contrast, cells are considered as isotropic 

materials (Ecell = 0.9 kPa and νcell = 0.45) [11, 159]; pores are an isotropic material as well 

(Epore = 0.01 kPa and νpore = 0.45).  The shear modulus is obtained from the relation 𝐺𝑥𝑦 =

√𝐸𝑥𝐸𝑦

2(1+√ν𝑥𝑦ν𝑦𝑥)
.  As a result, the following three stiffness matrices for the porcine PV leaflet tissue 

are calculated based on data in [16, 160]: 

[𝐶]𝑧𝑜𝑛𝑒 1 = [
14 7 0
7 16 0
0 0 4

] kPa,  

[𝐶]𝑧𝑜𝑛𝑒 2 = [
418 23 0
23 51 0
0 0 61

] kPa,  
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and [𝐶]𝑧𝑜𝑛𝑒 3 = [
1493 79 0
79 176 0
0 0 217

] kPa. 

 

5.3.4    Biomimetic Virtual Experiments 

To predict the tissue-level stress evolution in the PV leaflet tissue during diastolic 

loading, six sets of virtual experiments are conducted to simulate sub- to supra-physiological 

biaxial strains.  In particular, equibiaxial strains ranging from 10% to 35% are simulated in 

increments of 5%, with the highest strains (35%) more representative of those incurred by the 

AV during diastole [11], and thus what may be expected in the PV upon ectopic 

transplantation, such as in the Ross procedure [7, 9, 161]. 

In the process of the FEA modeling, the selected histological photomicrograph 

(1,000×1,000 pixels) captures the inhomogeneous collagen fiber microstructure and cell nuclei 

morphologies (Figure 5.3a-b).  Pixel groups are selected to represent different materials by 

color, and each group is prescribed distinct material properties.  The four-node quadrilateral 

plane stress element type is applied, and the boundary conditions are varied from 10% to 35% 

equibiaxial stretching at increments of 5% (Figure 5.3c).  To better visualize the stress 

distribution within the tissue samples, nine sub-regions are defined (Figure 5.3d).  

To obtain the stress evolution around a single cell nucleus, a representative VIC is 

selected from region 2.  Since it is challenging to obtain the location data of the cell in the 
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original photomicrograph (Figure 5.3e), the VIC is selected based on the σxx contour that 

evolves under the 35% equibiaxial strain condition (Figure 5.3f).  To evaluate the stress 

evolution of said VIC, 21 point locations around the cell boundary are defined (Figure 5.3f).  

Due to the rigid body motion of the cell, it is noted that the contour of the VIC nucleus after 

stretching is slightly different from the outline of the cell in the original photomicrograph 

(Figure 5.3e).  

 

 
Figure 5.3    Virtual experiments on porcine PV leaflet tissue histological photomicrographs.  

(a) Photomicrograph of an H&E stained en-face PV leaflet tissue section.  (b) A 

1,000×1,000-pixel region of interest.  (c) Application of boundary conditions to the meshed 

image.  (d) Definition of nine sub-regions of interest to facilitate visualization of the stress 

distributions.  (e) Selection of a representative VIC in the unstressed state.  (f) Selection of 

21 points around the cell nucleus perimeter. 
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5.4    Results 

The FEA results illustrate the distinct features of the stress distribution in PV leaflet 

samples under equibiaxial stretching (Figure 5.4).  Figure 5.4a-c present stress fields from the 

PV model under 15% of strain.  As expected based on the higher moduli of elasticity prescribed 

for the circumferential versus radial directions, the overall circumferential stresses (σxx) are 

predicted to be higher than the radial stresses (σyy) and shear stresses (τxy) in all models.  In 

particular, the differences between σxx and σyy or τxy are visually evident under the simulated 

application of 30% equibiaxial strain (Figure 5.4d-f).  To better understand the changes in 

stress around the cell nuclei in the PV tissue model during equibiaxial stretching, three 

locations are selected, as denoted by an arrow (A) with coordinates (182, 556), a box (B) with 

coordinates (460,492), and a circle (C) with coordinates (203,300) in regions 4, 5, and 7, 

respectively (Figure 5.4).  Moderate stresses are observed around the perimeters of cell nuclei 

for tissue-models under 15% of strain stretching: σxx at location A is 1.75 kPa, at location B is 

3.79 kPa, and at location C is 3.54 kPa (Figure 5.4a), σyy at location A is 1.42 kPa, at location 

B is 2.03 kPa, and at location C is 3.96 kPa (Figure 5.4b), and τxy at location A is -0.34 kPa, 

at location B is 0.57 kPa, and at location C is 1.72 kPa (Figure 5.4c).  In contrast, much higher 

stresses are observed for tissue models under 30% of strain: σxx at location A is 1,292.15 kPa, 

at location B is 1,139.38 kPa, and at location C is 746.84 kPa (Figure 5.4d), σyy at location A 

is 81.72 kPa, at location B is 82.4 kPa, and at location C is 185.33 kPa (Figure 5.4e), and τxy 

at location A is -111.48 kPa, at location B is 161.76 kPa, and at location C is 301.01 kPa 

(Figure 5.4f).  
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Figure 5.4    Stress distribution of the anisotropic finite element model under equibiaxial 

strain.  Select locations with coordinates (182, 556), (460,492), and (203,300) are denoted 

by an arrow (A), a box (B), and a circle (C), respectively.  High stresses are observed around 

the perimeters of cell nuclei.  (a)-(c) Values of σxx, σyy, and τxy at locations A, B, and C, 

respectively, under 15% of strain.  Color key: blue = -2 (kPa) and red = 10 (kPa).  (d)-(f) 

Values of σxx, σyy, and τxy at locations A, B, and C, respectively, under 30% of strain.  Color 

key: blue = -200 (kPa) and red = 1500 (kPa). 
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For other sets of virtual experiments, the ratio of σxx under 35% of strain to that under 

10% of strain is predicted to be 1288 (σ35% / σ10% = 1507.51 kPa / 1.17 kPa =1288).  

Interestingly, the ratio of σyy under 35% of strain to that under 10% strain is predicted to be 

only 100 (σ35% / σ10% = 95.35 kPa / 0.95 kPa =100).  That is, σxx rapidly increases while σyy 

changes relatively modestly between 10% and 35% strain.  A similar trend is evident for 

changes in stress at locations B and C.  Localized high stresses around the perimeter of the cell 

nuclei are thus predicted by the model to be direction-dependent (i.e. anisotropic), suggesting 

that the preferred collagen fiber direction has a greater effect on how the forces are transmitted 

to cells.  Such higher stresses may be transduced by VICs into regulatory signals, as discussed 

in the next section.  

Furthermore, the VIC location also appears to be an important factor affecting the 

stresses around the cell nuclei.  For example, comparing locations A and B among six sets of 

virtual experiments, it is noted that higher σxx stresses are predicted at location A.  Comparing 

locations A and C among six sets of virtual experiments, it is observed that higher σyy stresses 

are predicted at location C.  Therefore, it can be speculated that the magnitude of cellular 

phenotypic response (e.g. collagen turnover) may be different in the vicinity, for example, of 

the leaflet free edge or commissures compared to the belly region, owing to the different 

mechanical stresses associated with each of these structurally and compositionally distinct 

regions of the valve.  

Figure 5.5 illustrates the nonlinear stress evolution around the perimeter of a selected 

VIC.  It is observed that σxx rapidly increase and reach a maximum at locations 4-9 on the cell 
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nucleus boundary (Figure 5.5a).  The maximum values of σyy are found at locations 1, 2, 3, 

and 21 on the cell nucleus boundary (Figure 5.5b).  These results suggest that the magnitude 

of cellular phenotypic responses may be higher in response to stretch along the boundary 

parallel to the preferred collagen fiber direction.  Corresponding strain evolutions parallel to 

the circumferential-radial (ex-ey) plane of the representative VIC nucleus are shown in Figure 

5.5c-d.  It is observed that nuclear dimensional changes are greatest in the radial direction, 

consistent with the larger tissue strains in this direction [8].  The strain evolution along the 

third direction, i.e., transmural direction (ez), can be calculated based on the incompressibility 

assumption [162-164] (Figure 5.5e).  Therefore, a three-dimension (3-D) ellipsoidal shape of 

the VIC nucleus during diastole can then be delineated.  Collectively, these simulations predict 

that the increasing effective load in the circumferential direction due to preferential collagen 

fiber alignment plays a critical role in determining high stresses cells experience.  

 

5.5    Discussion 

Decades of experience with valve replacement by nonviable bioprosthetics  and 

cryopreserved allografts has indirectly demonstrated the critical role of VICs in leaflet tissue 

homeostasis; without the benefit of VIC-mediated ECM maintenance, progressive fatigue 

mediated and calcific degeneration are incurred [165].  In pediatric applications, the effective 

absence of a viable cellular constituent is analogously marked by a lack of normal growth 

potential [166].  While current valve replacements have been invaluable in the treatment of  



 

110 

 

 
Figure 5.5    Stress and strain evolutions around a representative VIC nucleus under 

progressive stretch up to 35% strain.  (a) σxx at locations 4-9 on the cell boundary rapidly 

increase and reach a maximum.  (b) The highest σyy are found at locations 1, 2, 3 and 21.  

(c)-(d) Corresponding strain evolution of the representative VIC nucleus.  (e) The strain 

evolution along the transmural direction can be calculated based on the incompressibility 

assumption to obtain a 3-D ellipsoidal shape of the VIC nucleus during diastole. 

 



 

111 

both acquired and congenital valvular heart disease, the development of improved therapeutic 

strategies and replacement valves, including TEHVs [15], could benefit from a better 

understanding of the normal interactions between VICs and their ECM in healthy heart valve 

leaflets. 

Compositionally, morphologically, and mechanically, heart valve leaflet tissues are 

characterized by their planar and transmural heterogeneity, with the complexity of the distinct 

free edge, belly, nodulus and commissure regions [157] compounded perpendicularly by 

fibrosa, spongiosa, and ventricularis layers [140].  Thus, it is reasonable to suspect that all 

VICs distributed throughout an individual leaflet may not respond identically to physiologic 

tissue-level stresses and strains; their responses may depend on the local type, concentration, 

and orientation of the collagenous ECM.  Indeed, anisotropic and attenuated strain transfer has 

recently been demonstrated in explanted porcine AV leaflet tissues [36].  Using triads of VIC 

nuclei as fiducials, local strains calculated at a uniaxially applied tissue-level strain of 30% 

only reached ~10% and ~20% under circumferential and radial stretch, respectively.  

Nevertheless, while studies have begun to address the influence of mechanical stretch on in 

vitro cultured VICs [153, 154, 167-170] and explanted leaflet tissues [148, 149], comparatively 

few studies have investigated the micromechanical interactions between VICs and the ECM in 

situ [11, 79], toward quantifying regional stress distributions associated with the heterogeneous 

ECM or the stress-strain state of an individual VIC. 

In the current study, the image-based finite element software OOF is used in 

conjunction with a custom-coded pixel selection extension to predict the stress distribution 
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within heterogeneous porcine PV leaflet tissue, as well as the evolution of stress at the level of 

an individual VIC nucleus.  Anisotropic tissue-level mechanical properties are incorporated 

into the finite element model by way of three sets of linearized elastic orthotropic material 

properties, as derived from our previous biaxial mechanical test results [16].  A limitation of 

the current study is that the finite element model is solved under small deformation 

assumptions.  The goal is to describe the nonlinear anisotropic material property of tissues as 

close as possible in my simplified model.  Specifically, I provide three sets of linear 

constitutive relations to describe mechanical behavior of the valve leaflet.  Knowing that when 

large stretching (above 28%) is applied on the tissue sample, the third set of the linear 

constitutive equation (Table 2.1b) can be used to describe the complex material behavior of 

the tissue.   The study provides an easily adopted and a simplified method to simulate stress 

distribution in the heart valve during diastole.  As such, an OOF-based finite element analysis 

approach implementing finite deformation is currently under development.  Another limitation 

of the current study is that the cell morphologies captured in the photomicrographs and 

analyzed by the current 2-D finite element model may not fully recapitulate the 3-D 

morphology and associated changes present in vivo.  Moreover, I have used a constant material 

parameter for the cells over the entire range of strains.  A refined finite element simulation 

during diastole is currently being developed considering varied cell modulus at all stages of 

strains. 

Results of the current study indicate that the stress transmitted from the ECM to VICs 

is dependent on the heterogeneous collagen fiber architecture, VIC distribution, and the 
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anisotropic tissue properties (Figure 5.4).  The stress a representative VIC is subjected to may 

be influenced by the interactions with neighboring VICs and/or the surrounding ECM and is 

predicted to vary with the location around the perimeter of the cell nucleus (Figure 5.5).  

Several factors may contribute to the stress distribution that evolves within heart valve leaflet 

tissues, such as the orientation of collagen fibers, morphologies and/or sizes of VICs, and the 

local composition and degree of crosslinking of the ECM.  Moreover, it is well recognized that 

valvular tissues [106] and VICs [171] are viscoelastic; the effects of viscoelasticity on the 

stress distribution evolution within the leaflet tissue and at the level of the individual VICs 

remains to be ascertained. 

At the tissue level, comparing the four individual heart valves, Merryman et al. have 

demonstrated in ovine leaflet tissues that transvalvular pressure correlated positively with VIC 

stiffness and collagen synthesis [172].  Hierarchically, the evidence presented herein for the 

evolution of a heterogeneous stress distribution due to the heterogeneous and anisotropic ECM 

within the PV leaflet suggests that perhaps more subtle, but functionally important, differences 

in VIC stiffness and collagen synthesis may be present within the individual leaflets. Such 

differences may be particularly evident at locations of high stress (Figure 5.5).  Regional 

differences in VIC-ECM mechanical interactions may be important not only in normal heart 

valve function, but also in the progression of calcific degeneration or adaptation to ectopic 

transplantation, such as in the functional adaptation of PV autografts to systemic pressures in 

the Ross procedure [173].  For example, Fisher, Chen, and Marryman have demonstrated that 

calcific nodule formation by in vitro cultured porcine aortic VICs is strain dependent [153].  
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As such, the stress results predicted in the current study (Figure 5.5) may be useful in relating 

such phenomena from in vitro studies back to the in situ setting. 

Ultimately, the mechanotransduction of mechanical forces transmitted from organ level 

motions of the valve leaflets, through the ECM down to VICs, depends on the number and 

nature of integrin- and other cell adhesion receptor-mediated attachments between VICs and 

their surrounding ECM [22].  As the linkage between the VIC and the ECM, transmission of 

forces through these points of attachment may be critical to physiologic function and 

pathogenesis.  For example, disruption of α5β1 integrin binding between in vitro cultured 

porcine aortic VICs and fibrin or fibronectin substrates resulted in upregulation of osteogenic 

markers, signaling a calcific response [174].  A unique advantage of the image-based finite 

element approach utilized herein is that serial histological sections of tissue can be stained not 

only for general morphology, as by H&E in the present study, but also for specific phenotypic 

markers by immunohistochemical techniques, thereby offering the opportunity to spatially 

correlate the finite element predicted stress and strain distributions with cell phenotype.  As a 

result, the image-based finite element approach developed in the current study is well suited 

for further investigations into VIC-ECM interactions. 

 

5.6    Conclusion 

Through image-based FEA of PV leaflet tissue sections, the current study provides 

insight into the relationships between heart valve mechanics, the microstructure, and the 
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material property.  In particular, the virtual experiments conducted herein complement 

previous studies of VICs and valve mechanics by predicting the stress distribution evolution 

within the ECM and at the level of an individual VIC.  This approach, incorporating the 

collagen fiber architecture, VIC distributions, and the anisotropic material properties of the 

ECM, provides a tool for comprehensively quantifying the stresses during diastolic valve 

closure.  Through the investigation of VIC-ECM mechanical interactions in healthy heart valve 

leaflets, results of the current study may be useful in understanding the pathogenesis of valvular 

diseases and in guiding the development of improved therapeutic approaches and valve 

replacements. 
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CHAPTER 6     

CONCLUSION AND FUTURE WORK 

 

 

In the current study, a comprehensive investigation of structure-mechanics-property 

interactions inside the heart valve tissue is conducted to understand tissue collagen remodeling 

associated with the mechanical behavior and matrix-to-cell stress transfer.  We use a 

biomechanical approach to observe progressive changes in viscoelastic properties of porcine 

aortic valve (AV) and pulmonary valve (PV) tissues via degrading collagen during stress 

relaxation.  Furthermore, an effective predictive method is developed with new computational 

tools and by performing virtual experiments on the heart valve tissue photomicrographs.  The 

virtual experiment predicts tissue- and cellular-level stress fields, providing insight into how 

matrix-to-cell stress transfer may be affected by the inhomogeneously collagenous 

architecture, characterized by the collagen fiber-aligned and cell-distributed microstructure. 

It is believed that collagen-aligned microstructure of the heart valve tissue can be 

mediated by mechanical force and collagen degradation.  Stress-relaxation responses of the 

heart valve tissues undergoing collagen degradation to the mechanical environment show that 

mechanical behaviors of heart valve tissue specimens are highly related to fiber orientation, 

collagenase concentration, and applied strain level, but not the valve type.  It is illustrated that 

greater stress relaxation takes place along the fiber-oriented direction (i.e. the circumferential 

direction), and stress relaxation is increased with rising stretching and collagenase 
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concentration.  As a result, it is concluded that heart valve tissues are direction-, stretching-, 

and collagenase concentration-dependent. 

A different approach by incorporating both microstructure and anisotropic material 

property of the heart valve tissue is applied to discuss how this particular material property 

affects the stress fields of cells inside the matrix of the tissue.  Via developed image-based 

finite element analysis (FEA) of PV leaflet tissue sections, this study investigates stress 

distribution in the tissue and matrix-to–cell stress transfer, providing insight into the 

relationships between the heart valve mechanics, the microstructure, and the material property.  

The architecture of collagen fibers, cell nuclei distribution, and the anisotropic material 

property are detected to have great influences on the transfer of stresses from the extracellular 

matrix (ECM) to the cells inside heart valve tissues.  It is demonstrated that heterogeneously 

distributed collagen fibers and anisotropic materials highly mitigate stress developments inside 

the heart valve tissue.  It is further considered that alterations in the microstructure and the 

mechanical property of the heart valve tissue may introduce potential biomechanical 

regulations in the irregular mechanical environment, such as the disrupted tissue homeostasis 

under a variety of pathological conditions.  Therefore, the current study may benefit to realize 

the pathogenesis of valvular diseases and enhance the development of improved therapeutic 

approaches for valve replacements. 

Since the heart valve experiences large deformation during the cardiac cycle, a 

constitutive law of the heart valve tissue with hyperelastic material property should be 

established.  The FEA with the finite-deformation constitutive model will better describe the 
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hyperelastic behavior of the soft biological tissue.  In the future, the Fung’s constitutive model 

of the heart valve tissue will be generated and applied to perform computational simulations 

of tissue response to the mechanical environment via FEA.  The curve fitting of the translated 

stress-strain data will be performed, and constants in the Fung’s constitutive equation will also 

be determined.  Meanwhile, the image of the histological photomicrograph will be imported to 

the developed image-based finite element system, the Object-Oriented Finite Element (OOF), 

to build a finite element model, and the microstructure of the tissue will be completely 

presented by pixel selections of collagen fibers, valvular interstitial cell (VIC) nuclei, and 

pores.  The software ABAQUS (Providence, RI) can be used to define biological tissue 

constitutive laws for hyperelastic models and will be utilized to perform the finite element 

analysis by importing the model from OOF into ABAQUS.  Via the incorporation of the finite 

strain theory, stress distribution at both tissue and cellular levels during diastole will be 

investigated.  Upon completion of the finite-deformation constitutive model, quantitative data 

detailing highly anisotropic and nonlinear mechanical behavior of the heart valve tissues will 

be provided at both tissue and cellular levels.  Furthermore, it will provide a better 

understanding of the biomechanical regulation mediated by the cell-matrix interaction, such as 

cellular mechanotransduction, or tissue remodeling in heart valve tissues.  

In addition, to realize the pathogenesis of valvular diseases and enhance the 

development of improved therapeutic approaches for valve replacements, it is significant to 

understand how tissue-to-cell stress transferring in a diseased heart valve tissue will be 

different from the stress response of the normal tissue that I propose in the previous chapter.  
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Via calcifying fresh healthy heart valves, especially AV tissues, mechanical and biochemical 

characterizations of calcified tissue leaflets will be conducted, photomicrographs containing 

microstructures of calcified AV tissue leaflet will be quantified, and virtual experiments via an 

image-based FEA will be performed to study the tissue-to-cell stress transfer mechanism.  

Upon completion, stress fields and calcium content of AV tissue will also be investigated to 

describe the distinct behaviors from the healthy heart valve tissue. 
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