


 
 

Abstract 

Mitral regurgitation is a common but highly varied clinical disease that can have 

profound impacts on patient morbidity and mortality. While the effects of regurgitation 

on the rest of the cardiovascular system have been widely investigated, the direct effects 

on valve remodeling are understudied. From previous studies of mitral valve interstitial 

cells conducted using a variety of biomaterial and bioreactor platforms, it was established 

that valve interstitial cells respond to altered mechanical stimulation by changing their 

phenotype and remodeling the extracellular matrix. Here I sought to take advantage of an 

existing flow loop bioreactor capable of intact organ culture of porcine mitral valves, in 

order to investigate the remodeling response of valve tissues to the altered mechanics of 

the two main etiologies of mitral regurgitation. My global objective was to understand the 

specific changes to the biomechanical properties and extracellular matrix composition 

that occur in response to the altered mechanics of mitral regurgitation. The first aim 

successfully recreated the hemodynamic environment of non-regurgitant valves, valves 

experiencing mitral valve prolapse, and valves experiencing functional mitral 

regurgitation. Redesigning the flow loop system to enable precise control of the geometry 

of the valve annulus and papillary muscles enabled the creation of these models. The 

second aim of this study showed that previously healthy porcine mitral valves subjected 

to mitral valve prolapse hemodynamics undergo myxomatous remodeling, while valves 

placed in functional mitral regurgitation geometry and hemodynamics undergo fibrotic 

remodeling compared to non-regurgitant controls. The third aim showed that the 

pathophysiologic fibrotic remodeling of functional mitral regurgitation conditioned 



 
 

valves is partially reversible if valves previously cultured in functional mitral 

regurgitation conditions for a week are placed in non-regurgitant conditions for a 

subsequent week. Here the pattern of remodeling reversal was interesting, as those 

regions most affected both in our one-week FMR studies and in clinical samples were 

those that experienced reversal of fibrotic remodeling and more closely resembled 

controls. The impact of this thesis is to: 1) establish that the natural response of valve 

tissues to being placed in disease hemodynamics is to remodel in a way that resembles 

the disease phenotype; 2) demonstrate that this remodeling can be partially reversed if 

normal hemodynamics are reestablished; and 3) establish an experimental platform that 

can be used to explore directly the impact of physiological mechanical stimuli on valve 

biological functioning. 
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Chapter 1 

Introduction and Objectives 

1.1. Introduction 

Mitral regurgitation (MR) is an insidious, frequent, and heterogeneous clinical 

condition with only one proven treatment – highly invasive surgery – and a great paucity 

of fundamental information about how this disease is initiated, how it progresses, and 

how it could be reversed or prevented by therapies. Two main types of MR are found 

clinically. The first type is mitral valve prolapse (MVP), a disorder that results in 

excessive backflow across the mitral valve, which affects an estimated 2 to 3% of the 

U.S. population (1). The second type, functional mitral regurgitation (FMR), is a clinical 

condition that develops due to distortion of the geometry of the papillary muscles and 

chordae accompanying dilatation of the left ventricle (2). FMR affects 55-75% of all 

patients with heart failure and severely worsens patient prognosis (3,4). Although MVP 

and FMR have very different clinical presentations, they both have mitral dysfunction 

that is heavily influenced by the position of the chordae tendineae. The chordae in MVP 
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are frequently elongated and weakened, which allows the edges of the leaflets to flail and 

the leaflets to billow into the left atrium (5). In FMR, the papillary muscles (PM) and 

attached chordae are frequently moved downwards and outwards relative to the center 

axis of leaflet opening, which reduces the area of leaflet coaptation (closure) (6,7).  

The current barrier to progress in the field of MR is a combination of 

investigating the cause of this dysfunction in a modular and cost-effective manner. 

Clinical studies have provided insight into the pathology and severity of the disease 

(4,8,9), but have been less helpful for elucidating disease causation. Animal models of 

valve dysfunction provide slightly better insight into causation (10–12), but the number 

and types of valve diseases that can be tested are limited by time, cost, and humane 

treatment of the animal. In vitro flow loops for short term, non-sterile studies of mitral 

valve function can be used to examine a wide range of variables but cannot indicate how 

the valve cells and tissues remodel over time in response to the experimental conditions 

(13–15). These remodeling factors are especially important to analyze in the context of 

surgical treatment, as they would provide an explanation for long-term failure of the 

treatment despite short-term success. As an alternative, long-term organ culture allows 

the study of valve remodeling in a highly controlled, physiologically faithful 

environment. If the organ culture bioreactor is well designed and modifiable, a wide 

range of disease models can be developed without the high costs, risk of systemic 

complications, and/or physiological restrictions associated with animal and clinical 

models.  
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1.2. Specific Aim 1 

Redesign of flow loop bioreactor in order to control mitral regurgitation. The 

Grande-Allen lab had previously established a flow loop bioreactor system capable of 

culturing intact porcine mitral valves in pseudo-physiologic conditions for up to three 

weeks. Previous work done using this system showed that these dynamically cultured 

valves were more similar to fresh tissues than those grown in static culture over a similar 

culture period. However, the original design of the system resulted in increasing 

regurgitation across the culture period. Given the strong evidence that valve interstitial 

cells are sensitive to their mechanical environment, we hypothesized that the increasing 

regurgitation present in this original system could be resulting in unintended remodeling 

of the valve throughout the culture period. In response, we aimed to redesign the flow 

loop with the goal of being able to impose varying regurgitant and non-regurgitant 

conditions to our intact mitral valves during culture. Based on previous work from other 

laboratories conducted in non-sterile flow loops, we hypothesized that by redesigning the 

system to enhance the control of the annular and papillary muscle geometry of the mitral 

valve within our system, we would be able to create a control capable of maintaining a 

low level of regurgitation throughout the multi-week culture period. In addition, we 

hypothesized that such control would also allow us to recreate the hemodynamic 

environment of two distinct mitral regurgitation diseases, mitral valve prolapse and 

functional mitral regurgitation.  
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1.3. Specific Aim 2 

Investigating the effects of regurgitation hemodynamics on mitral valve 

remodeling in vitro. Having established the ability to control mitral valve regurgitation 

through the precise placement of the papillary muscles and mitral valve annulus within 

our system, we sought to explore the effects regurgitation hemodynamics on valve 

remodeling. Specifically, we evaluated the biomechanical properties and extracellular 

matrix (ECM) remodeling of the mitral valve leaflets and chordae tendineae exposed to 

one-week culture in either mitral valve prolapse-style regurgitation (MVP) or functional 

mitral regurgitation (FMR). We compared the mechanical and ECM properties of our 

disease conditioned samples to samples from valve cultured one-week in control (non-

regurgitant) conditions. For MVP, we hypothesized that tissues would undergo 

myxomatous-type remodeling, in which the tissues are less stiff in tension and are 

glycosaminoglycan-rich (16,17). For FMR, we hypothesized that tissues would undergo 

fibrotic-type remodeling, in which the tissues are stiffer in tension and are collagen-rich 

(4,9). 

1.4. Specific Aim 3 

Investigating the effects of reversing functional mitral regurgitation on valve 

remodeling in vitro. Having established that FMR-conditioned valves undergo fibrotic 

remodeling when compared to valves cultured in control conditions, we looked to explore 

whether this remodeling was reversible by hemodynamic reconditioning. Specifically, we 

created a new reversal condition that was culture for one week in the FMR-condition and 
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then converted to a non-regurgitant condition for an additional week of culture. We then 

performed the analysis described in Aim 2 to compare the biomechanical and ECM 

properties of these reversal conditioned models to valves cultured 2 weeks in the control 

condition and valves culture for 2 weeks in the FMR condition. We hypothesized that 

reversal models would show decreased fibrotic remodeling compared to 2-week FMR 

conditioned tissues and more closely resemble 2-week control conditioned tissues.  

1.5. Summary 

By completing these aims, a modular, cost-effective, physiologically accurate 

system for the analysis of mitral valves will be created and validated. The establishment 

of such a system would not only allow for the complete analysis of the mechanical and 

compositional properties of MVP, FMR, and other hemodynamic manipulations in a 

manner that clearly establishes cause and effect for the first time, but would also create a 

new experimental paradigm that could be expanded upon to investigate the effect of other 

models and factors of mitral valve biology. 

This thesis is presented in seven chapters. Chapter 2 provides background on the 

remodeling discussed throughout the thesis. It explores a thorough review of the current 

literature on myxomatous mitral valve disease and compares this pathologic process to 

the natural aging of the mitral valve. Chapter 3 reviews current and past methods of valve 

cell and tissue manipulations using bioreactor and biomaterial techniques to explore the 

response of valve interstitial cells to various mechanical stimuli. Much of this work 

inspired the methodology utilized to accomplish the three specific aims laid out in the 

following chapters. Chapter 4 is a description of the redesign process that allowed for 
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manipulation of the mitral valve annulus and sub-valvular apparatus within our flow loop 

system. This allowed us to manipulate the hemodynamics the mitral valves experienced 

within our system, thus accomplishing the goals of Specific Aim 1. Chapter 5 describes 

the experiments conducted in order to explore the tissue response to MVP and FMR 

hemodynamics (Specific Aim 2), establishing that MVP conditioned tissues undergo 

myxomatous remodeling while FMR conditioned tissues undergo fibrotic remodeling. 

Chapter 6 describes the results of our reversal condition experiments (Specific Aim 3), 

demonstrating that fibrotic remodeling of FMR conditioned tissues can be partially 

reversed by placing these valves in non-regurgitant hemodynamics. Finally, chapter 7 

concludes this thesis, explaining the overall impact of the work and proposing several 

avenues for further investigation.  
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Chapter 2 

Differentiating the Aging of the Mitral 
Valve from Human and Canine 

Myxomatous Degeneration * 

2.1. Abstract 

During the course of both canine and human aging, the mitral valve remodels in 

generally predictable ways. The connection between these aging changes and the 

morbidity and mortality that accompanies pathologic conditions has not been made clear. 

By exploring work that has investigated the specific valvular changes in both age and 

disease, with respect to the cells and the extracellular matrix found within the mitral 

valve, heretofore unexplored connections between age and myxomatous valve disease 

can be found. This review addresses several studies that have been conducted to explore 

                                                
* This chapter was published as: Connell PS, Han RI, Grande-Allen KJ. Differentiating 
the aging of the mitral valve from human and canine myxomatous degeneration. J Vet 
Cardiol. 2012 Mar 23;14(1):31–45. 
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such age and disease related changes in extracellular matrix, valvular endothelial and 

interstitial cells, and valve innervation, and also reviews attempts to correlate aging and 

myxomatous disease. Such connections can highlight avenues for future research and 

help provide insight as to when an individual diverts from an aging pattern into a 

diseased pathway.  Recognizing these patterns and opportunities could result in earlier 

intervention and the hope of reduced morbidity and mortality for patients. 

2.2. Introduction 

Myxomatous mitral valve degeneration (MMVD) causes severe valvular 

regurgitation and ultimately death for millions of dogs around the world (18,19). In 

humans, this disease is the primary cause of mitral valvular regurgitation leading to the 

need for surgical valve repair (20).  For humans afflicted with MMVD, it has been 

observed that the mean patient age is 60 years old.  As opposed to calcific aortic valve 

disease, which has a clearly demonstrated association with aging (21), MMVD in humans 

appears distinct from age-related changes (22–24). This review will describe the age-

related changes in mitral valve composition and material behavior and contrast these 

changes with those found in MMVD, with a particular emphasis on comparisons of 

human, porcine, and canine mitral valves. 

2.3. Gross and micro-anatomy of the mitral valve 

The canine mitral valve complex, similar to human and other mammalian species, 

consists of the annulus, two leaflets (anterior and posterior) of different shape and size, 
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numerous chordae tendineae, and the papillary muscles (Figure 1) (25,26). The function 

of the mitral valve is to direct the blood flow from the left atrium to the left ventricle 

during diastole and to prevent the backflow of blood into the left atrium during systole. In 

order to do so, the mitral valve complex requires all of its components, together with the 

adjacent atrial and ventricular muscle, to work in a synchronized fashion (27,28).  

 

Figure 1: Mitral valve anatomy.  
(A) Top (atrial) view of the mitral valve in the closed (left) and open (right) position. 

(B) Bottom (ventricular) view of the mitral valve, cut open at the commissures to 
display the posterior (left) and anterior (right) leaflets. Dotted white line demarcates 

leaflet center from free edge. Chordae may have basal or marginal insertion into 
leaflet. Scale bar = 1cm.  Reprinted from Grande-Allen KJ, et al. Glycobiology. 2004. 
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 The mitral valve leaflets each consist of four layers that differ from each other in 

extracellular matrix (ECM) makeup and functionality.  From top to bottom, the layers are 

the atrialis, spongiosa, fibrosa, and ventricularis.  The fibrosa, the thickest layer of the 

valve, is comprised of dense, circumferentially aligned collagen, in contrast to the loose 

collagen found within the atrialis, spongiosa, and ventricularis (29). The dense collagen 

of the fibrosa provides the mitral valve leaflets with tensile strength, whereas the looser 

collagen and high glycosaminoglycan (GAG) content in the other layers provides the 

leaflets with compressive strength. The atrialis, the layer located on the inflow side of the 

mitral valve, has an abundance of the protein elastin, which allows the valve to undergo 

considerable stretch and then recoil back to its original undeformed shape during the 

cardiac cycle (30). The spongiosa contains a high concentration of the GAG hyaluronan 

(HA) and hydrated chondroitin/dermatan sulfate proteoglycans (PGs), which also provide 

compressive strength for the valve (31). The ventricularis layer of the mitral valve leaflets 

is very thin compared with other layers and consists of elastic fibers and regularly spaced, 

circumferentially oriented collagen fibers. The regions containing the highly aligned 

collagen is also rich in small leucine-rich proteoglycans (SLRPs) that connect to and 

provide mechanical support for the collagen fibrils (30). 

In addition to the mitral valve leaflets, the chordae tendineae are a critical 

component to the functioning of the mitral valve apparatus. These chordae connect the 

underside of the valve leaflets to the papillary muscles along the left ventricular wall. As 

the left ventricle contracts during systole, the papillary muscles contract as well and the 

chordae in turn provide mechanical support to the mitral valve leaflets, helping them 

maintain closure during the highly pressurized left ventricular systole (32). In order to 
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withstand the high tensile stress applied to the chordae, they are comprised of highly 

organized collagen fibers that are orientated in the direction of load (32).  As in the 

leaflet, these regions of highly aligned collagen are also rich in SLRPs, such as decorin 

and biglycan.  The GAGs found within the chordae are predominantly those found on the 

SLRPs, and demonstrate an abundance of iduronate and 4-sulfated-N-actylgalactosamine 

(32). The chordae also contain a small distribution of elastic fibers in their outer sheath 

(33). 

The mitral valve leaflets also vary in makeup and function from the annulus to the 

free edge.  For example, there is a distinct difference between the so-called “rough zone” 

and “clear zone” of the anterior leaflet. Historically, the “rough zone” has referred to 

those parts of the leaflet that contain chordal attachments, while the “clear zone” has 

referred to regions without chordal attachment. In our previous studies of mitral valve 

leaflets we have defined these regions as the mitral valve free edge (MVF) and the center 

of the anterior leaflet (MVAC), respectively (Figure 1). The MVAC maintains the tensile 

integrity of the valve (31); compared with the MVF, the MVAC contains a thicker fibrosa 

layer and has a lower concentration of GAGs (31,34). The specific characteristics of the 

GAGs also varies between these two regions, e.g., the MVAC contains relatively less 

unsulfated, 6-sulfated, and 4-sulfated glucuronate than the MVF (31). In contrast, the 

MVF, which is more suited to bearing compressive loading, has a much higher 

concentration of HA than does the MVAC, mainly because the free edge has a much 

larger spongiosa component compared to the MVAC (31). The composition of the mitral 

valve posterior leaflet (also known as the mural leaflet), which experiences a compressive 
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load during the cardiac cycle (35), closely resembles that of the other major compressive 

load-bearing region, the MVF (32).  

Due to the lack of comprehensive studies on normal valvular aging in dogs, it 

becomes necessary to look to studies conducted on other species in order to provide some 

insight into aging and its relation to MMVD. However, it is important to note the 

anatomical and therefore potential histological differences between species when doing 

so. For example, it has been reported that larger animals have a distinct increase in the 

branching (first-order and second order) of chordae when compared to the hearts of 

smaller animals (25). The need to support the larger valve cusp area of the larger animals 

seems to be the logical explanation for this structural arrangement. Variations in shapes 

of the anterior leaflet (also known as the aortic or septal leaflet) have been also been 

reported when comparing human and canine mitral valves (25). Human anterior leaflets 

have a clear line demarcating the boundary of the appositional area, the area of leaflet in 

contact during valve closure (26). In dogs, the absence of a clear line of demarcation, 

together with higher muscle content in both mitral cusps than found in human valves, has 

lead to the speculation that canine mitral valves demonstrate a different closing 

mechanism (26). Humans and dogs also have different angles between the plane of the 

atrioventricular orifice in relation to the axis extending from the ventricular apex through 

the middle of the aortic valve (25). However, the significance of this finding is unknown 

and could be related to the 90° angle difference in anteroposterior axis orientation relative 

to the gravitational field between dogs (a quadruped mammal) and bipedal humans. 
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2.4. Aging and cell-mediated remodeling of the extracellular matrix 

Studies of human and porcine mitral valves have shown the effect of aging on 

ECM and microstructural composition as well as the effects of these changes on valve 

function.  With age, there is a reduction in cell density throughout the valve, across all 

layers. The valvular interstitial cells (VICs) that remain are increasingly associated with 

an “activated” remodeling phenotype of !-smooth muscle actin (!-SMA), co-localized 

with enzymes involved in collagen synthesis and degradation in porcine valves (36). 

Microstructurally, the layers become more delineated with advancing age (36), and the 

PGs decorin and biglycan show greater expression throughout the valve. These PGs 

colocalize with collagen and aid in collagen fibrillogenesis, lending further support that 

collagen remodeling occurs throughout aging (31). In contrast, with aging, the amount of 

elastin decreases throughout the valve, particularly for individuals over the age of 50 

years (31,37). In addition, with advancing age, the incidence of lipid accumulation and 

calcification in valves increases throughout the human population (Figure 2) (38). 
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Figure 2: Calcification with age. 
Changes in mitral valve with age averaged across 200 mitral valve samples.  Trends 
include decreasing cellularity and increasing fibrosis and collagen degradation, lipid 

accumulation and calcification.  Reprinted from Sell, S., et al. Am J Pathol. 1965. 

With respect to types of GAGs present in the mitral valve, with age there is a 

decrease in unsulfated and 6-sulfated glucuronate, as well as a decrease in the ratio of 

chondroitin sulfate to dermatan sulfate (31). Interestingly, the total amount of HA 

remains fairly constant with age in porcine mitral valves, although HA comes to represent 

an increasing percentage of the total GAGs in the MVF due to a reduction in 4-sulfated 

and 6-sulfated GAGs (31). In the MVAC, there is no age-related decrease in total GAGs 

or in HA, but there is an age-related increase in 6-sulfated glucoronate and 4-sulfated 

iduronate (Figure 3, Figure 4) (31). 
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Figure 3: Glycosaminoglycan composition with age. 
Proportion of glycosaminoglycans (GAGs) in the MVAC and MVF of 6-week-old, 6-

month-old, and 6-year old porcine valves, as calculated from FACE. Statistically 
significant differences (p < 0.05) are labeled † (significant differences in MVAC and 

MVF at a given age) or * (significant differences across ages in a given region 
(MVAC or MVF)). ! represents a lower p-value (p < 0.03) for one set of 

comparisons (I4S) between ages in a given region (MVF). Significance was not 
displayed for averaged data (i.e., difference between MVF and MVAC averaged 

across all ages). MVF = mitral valve (MV) free edge; MVAC = MV anterior center; 
G0S = unsulfated glucuronate; G4S = 4-sulfated glucuronate; G6S = 6-sulfated 

glucuronate; I4S = 4-sulfated iduronate; I6S = 6-sulfated iduronate; XS = di- and 
tri-sulfated glucuronate / iduronate. Only GAGs that comprise >10% are labeled. 

Modified from Stephens EH, et al. Acta Biomaterial. 2008. 
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Figure 4: Valve structure changes with age. 
Movat-stained circumferential sections of the MVAC and MVF of 6-week-old, 6-

month-old, and 6-year-old porcine valves.  Both high magnification (column 1) and 
low magnification (columns 2 – 4) are shown.  All images within a magnification 
type (high vs. low) are the same magnification to allow comparison of leaflet and 

layer thickness across age and leaflet region. Movat pentachrome staining 
preferentially stains different ECM elements certain colors (yellow = aligned 

collagen, black = elastic fibers, and green/blue = PGs / GAGs). Comparing regions, 
the MVAC fibrosa comprised a larger proportion of the valve than in the MVF. 

Across ages (regardless of region), an increase with collagen with increasing age was 
noted, especially in the fibrosa and ventricularis.  Scale bar = 200 mm. Modified 

from Stephens EH, et al. Tissue Eng A. 2010. 

2.5. Aging and mechanical behavior 

With respect to mechanical behavior, the overall stiffness of the valve increases in 

both the radial and circumferential directions as a function of age. Accompanying these 

age-related changes are a reduction in extensibility (39) and an increase in stress 
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relaxation (34). Extensibility can be generally described as the magnitude that a tissue 

can stretch before the collagen fibers become fully uncrimped and bear load (Figure 5).   

 

Figure 5: Bilinear stress-strain curve. 
Representative stress-strain curve seen in mechanical testing of valves in tension 

(solid line).  The first linear portion of the bi-linear curve is called the toe region. It 
corresponds to the region where collagen is crimped and elastic fibers dominate the 
material properties of the valve. The second linear portion can be referred to as the 

collagen region because it corresponds to the region where collagen is fully 
uncrimped and is dominating the material properties. The slope of this region of the 

curve is defined as the Young’s modulus or stiffness of the material. One can 
determine a value for the extensibility by extrapolating the collagen region 

backwards using the Young’s modulus as the slope (dashed line) to where it crosses 
the x-intercept.  The extensibility corresponds to the degree of crimping of collagen 
in the valve. The curved area between these two regions is the transition region.  It 

corresponds to the region in which collagen is actively uncrimping. The sharpness of 
this transition, defined by the radius of transition curvature, corresponds to the 

alignment and crosslinking present in the collagen in the tissue. 
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Stress relaxation is an indicator of the viscoelastic (time-dependent) behavior of 

the tissue; an increase in stress-relaxation indicates that there is a substantial 

rearrangement of the extracellular matrix that progresses for some time after the tissue is 

stretched.  These altered material properties can be generally explained by thickening of 

the collagen-rich fibrosa layer as well as the increase in collagen production and 

remodeling that occurs throughout aging (34,36). It is also likely that there is collagenous 

reinforcement of elastic fibers with age, which would reduce extensibility. There is an 

increase in the radius of curvature of the transition region of the valve leaflet load-

deformation curve with age, which we speculate is due to increased collagen alignment 

and crosslinking in the valve (31,34) as well as greater abundance of PGs and GAGs in 

the collagenous fibrosa layer. Indeed, the SLRPs decorin and biglycan, both of which 

become more abundant with age in valves, bind to and form bridges between collagen 

fibrils. Therefore, increased transmission of hemodynamic forces to collagen and the 

other underlying matrix proteins via interconnecting PGs could be responsible for the 

age-related changes in these mechanical properties (31,34). 

2.6. Aging and Innervation 

Over the past several years, the recognition that mammalian mitral valve leaflets 

have well developed nerve plexuses (40,41), consisting of different transmitter-specific 

subpopulations of nerves, has challenged the conventional concept of mitral valve as a 

passive flap. The nerve plexus of nerves is most dense in the basal zone of the valve 

adjacent to the fibrous annulus ring (42), and becomes finer and more branched towards 

the free margin of the cusp. It has been shown in human mitral valves that the nerve 
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density within the anterior leaflet is two fold greater than in the posterior leaflet and that 

the nerve fibers are closely associated with different types of VICs (43). Together with 

contractile cell types found within the valve (activated VICs and cardiomyocytes from 

the annulus), the nerve plexuses form a model for an active valve that is capable of 

contraction and relaxation, fine tuning its motion during each cardiac cycle (44). Giving 

support to this claim, experiments in dogs have shown that autonomic stimulation results 

in the valve better able to withstand pressure-induced displacement of the leaflets into the 

left atrium (45). 

With increasing age, there is a loss of innervation in the mitral valves of guinea pigs, 

mice and rats (46,47). In rats, both sensory and motor type of nerves were markedly 

diminished in older animals (48). There was no difference in mitral valve nerve density 

between young dogs aged 6-12 months and adult dogs aged 5 years, but there was a 

significant reduction in mitral valve nerve density in dogs above 10 years of age (42). 

2.7. Aging and valvular cells 

The valve leaflets are covered with a single layer of valvular endothelial cells 

(VECs) that is continuous with the endocardium of the heart.  The VECs are believed to 

coordinate with the VICs located in the leaflet interior to maintain the ECM structure and 

contribute to the mechanical function of the valve. Although VICs and VECs 

demonstrate distinctly different phenotypes in the postnatal mitral valve, they share a 

common embryonic origin. During the earliest stage of valve development, the GAG-rich 

cardiac cushions arise within the atrioventricular canal and outflow tract of the looped 

heart tube. Certain endothelial cells on the surface of these cardiac cushions migrate into 
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the interior of the cushion through a process referred to as endothelial-mesenchymal 

transformation (EMT) and ultimately become the VICs (49); it is believed that the 

underlying myocardium regulates the EMT. It does so through the regulation of growth 

factors including VEGF, TGF-!, NOTCH, and WNT, as well as extracellular matrix 

components, such as hyaluronan, which regulate pathways that direct endothelial cells 

towards mesenchymal transformation (50). Once activated for mesenchymal 

transformation, the cells within these cushion regions then initiate ECM remodeling and 

later development of the valve leaflets (51). In contrast, the VECs do not undergo EMT 

during normal aging (Figure 6) (49). However, recent experiments indicate that some 

adult VECs retain the ability to differentiate in a manner similar to EMT while in a 

diseased state (52). 

 

Figure 6: Endothelial-mesenchymal transformation. 
Graphic overview of heart development and endothelial-mesenchymal 

transformation (EMT). As the heart tube develops it contains three layers, an inner 
lining of endothelial cells, a middle separating layer of ECM referred to as cardiac 
jelly, and an outer layer of myocardium. As valves form, a subset of the endothelial 

cells undergo EMT by delaminating, differentiating, and then migrating into the 
cardiac jelly. Then, in a process that is poorly understood, local swellings of cardiac 
jelly and mesenchymal cells (cardiac cushions) undergo remodeling and form heart 

valves.  Reprinted from Armstrong, E. J., & Bischoff, J. Circ Res. 2004. 
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Although age-related changes in VECs have been investigated infrequently, 

scanning electron microscopy has been used to demonstrate denudation of the 

endothelium in some areas of the diseased valves of older dogs (9-15 years) with regional 

pleomorphism in adjacent areas of intact endothelium (53). In addition, it has been shown 

in human valves that fetal VECs (second and third trimesters) express significantly higher 

amounts (p<0.001) of SMemb, matrix metalloproteinase-1 (MMP-1), MMP-13, and cell 

adhesion molecules ICAM-1 and VCAM-1 when compared to adult VECs, which had 

relatively negligible expression of these proteins (54). 

 Myxomatous changes alter valve motion, resulting in abnormal closure that, 

taken together with the changing in hemodynamic force due to regurgitation, may cause 

or contribute to endothelial damage (55). Damage to the VEC layer could influence the 

synthesis and release of vasoactive mediators that in turn interact with subendothelial 

matrix tissue. One such potent vasoconstrictor is endothelin, which also has the potential 

to stimulate proliferation of fibroblasts and increase collagen production. Indeed, an 

increase in endothelin receptor density has been found in the distal end of aged canine 

mitral leaflets (mean age 12 years) showing myxomatous changes (56).  

 VICs are the predominant cells found in all layers of mitral valve and are 

considered to be primarily responsible for maintaining valve structure and function. VICs 

are a heterogeneous and dynamic population of cells that have a range of distinct cellular 

phenotypes (57,58). This plasticity of VIC phenotype appears to be crucial in heart valve 

development, remodeling and repair, and progression of diseased states – all instances in 

which the myofibroblast cell type predominates (59,60). Liu et al. has proposed that there 

are five identifiable VIC phenotypes during different stages of mitral valve development, 
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remodeling, and disease. These five are embryonic progenitor endothelial/mesenchymal 

cells (EMT stage), quiescent VICs (normal fibroblast like), activated VICs (diseased 

myofibroblast like), progenitor VICs (stem cell like) and osteoblastic VICs (Figure 7) 

(61).  

 

Figure 7: VIC phenotypes. 
The functions of VICs can be organized into five major phenotypes: embryonic 

progenitor endothelial / mesenchymal cells, quiescent VICs (qVICs), activated VICs 
(aVICs), stem cell-derived progenitor VICs (pVICs), and osteoblastic VICs 
(obVICs). Through the process of EMT, embryonic progenitor endothelial / 
mesenchymal cells differentiate into aVICs and qVICs. aVICs are capable 

migration, proliferation, and ECM synthesis. qVICs remain quiescent until the 
heart valve is injured, at which point they transition to aVICs and aid in the repair 
and remodeling process. In addition, they can differentiate into obVICs in certain 
conditions. pVICs are derived from bone marrow.  They are present in the bone 
marrow, in circulation, and in the heart valve. They are an additional source of 

aVICs in adulthood. obVICs respond to osteogenic and chondrogenic factors and 
promote valve calcification. Hatched arrows represent hypothesized transitions for 

which there is currently not solid evidence. Other abbreviations used: EPCs = 
Endothelial Progenitor Cells, DCs = Dendritic cells. Reprinted from Liu AC, et al. 

Am J Pathol. 2007. 
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Despite such characterizations, the current understanding of VIC biology remains 

very limited and information on the aging aspect of VIC biology is particularly rare. An 

early investigation of mitral valves from humans aged 5 days to 89 years reported a 

gradual age-related decrease in VIC number and nuclei size, notably after the fifth decade 

of life (38). High densities of VICs were found in fetal mitral valves from human, sheep 

and pig (36,62). In pigs, the highest VIC densities were found in the first trimester, after 

which there was a decrease in cell numbers throughout fetal developmental and postnatal 

aging. Interestingly, distinctions between layers are evident as early as the first trimester, 

with the spongiosa layer having a lower cell density than the outer leaflet layers (36). 

During fetal valve development, most VICs stain positive for vimentin, !-SMA, and the 

collagenase MMP-13, and are thus considered to have an activated myofibroblast 

phenotype, the cell phenotype most involved in tissue remodeling (36). Throughout 

development and into adulthood, there is a significant reduction in the numbers of !-

SMA positive VICs and a relatively greater number of the normal quiescent fibroblast 

phenotype in humans (54). 

2.8. Myxomatous mitral valve degeneration 

MMVD is the most common cardiac disease in the dog (63). The disease is also 

referred to as Mitral Valve Endocardiosis (MVE) or Chronic Valvular Disease, and 

affects many different species, including pigs (64–66) and humans in addition to dogs. In 

dogs, unlike humans, the prevalence and severity of the disease is found to be closely age 

dependent (67). However, as described later, some breeds of dog are more predisposed to 

the disease than others, suggesting a likely inherited component to the disease (68,69). 
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Various reports have estimated the occurrence of MMVD as ranging from 21% to 89% in 

dogs (63,70,71). This wide range might be attributed to the disparate clinical sample 

selection of the groups of dogs, which could be affected by factors such as sample pool 

size, age, and breed.   

MMVD involves a complex connective tissue degenerative process with little or 

no inflammatory reaction. Histologically, MMVD is manifested by excessive destruction 

and derangement of the valve stroma with loss of collagen bundle organization and 

accumulation of PGs and GAGs in the leaflets and chordae (23,33,72,73). In addition, 

elastic fibers are increased in number, but appear to be disrupted and granular in nature 

(73). In dogs, the pathology is grossly recognized by the presence of greyish-white, 

smooth, glistening nodules or plaque-like elevations, also referred to as lesions, often 

situated in the area of apposition on the atrial surface of the leaflets (74). In humans, a 

much larger region of the tissue is affected by myxomatous degeneration, which may 

extend throughout the leaflet and chordae. Normal healthy mitral valve leaflets are thin, 

pliable, translucent and soft. In contrast, diseased valve leaflets and chordae become 

opaque and thickened; they are more extensible and less stiff than normal leaflets (75). 

The structural changes due to myxomatous degeneration in the leaflets are not always 

uniformly distributed, but have long been identified as the most important factors 

contributing to mitral valve dysfunction in dogs (63,71,74,76,77). The rough zone of the 

leaflet on the ventricular side, especially where the tedinous chords attach, is particularly 

prone to myxomatous degeneration (78). At later stages of this disease, gross distortion of 

the apposition line of the leaflets can be caused by the development of interchordal 

hoodings (79), also referred to as parachute change. The middle section of the leaflet, 
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which withstands the strongest pressure loading during the cardiac cycle (80), is less 

susceptible to myxomatous degeneration in dogs. In humans with MMVD, the mid-

section of the leaflets is frequently involved, especially the middle scallop of the posterior 

(mural) leaflet with changes observed in 88% of patients (22,81). 

Both dogs and humans with MMVD demonstrate phenotypic changes in VICs 

from a quiescent fibroblast to an activated myofibroblast (!-SMA positive) (59,76,82–

84). Many of these cells also express stem/progenitor cell markers CD-34 and/or CD-117 

(59,85,86). In the early stages of MMVD in dogs, !-SMA positive cells are found to 

congregate toward the atrialis edge, then extend more deeply into the tissue (87). At later 

stage of this disease, !-SMA positive cells also accumulated in the distal ventricular side, 

presumably as a result of regurgitation-driven forces (82). Moreover, VICs staining 

positive for !-SMA were frequently co-localized with expression of TGF-"1 and TGF-

"3. Interestingly, in the overtly myxomatous area of canine valves, !-SMA positive cells 

were uncommon, as was TGF-"3 expression, although TGF-"1 was strongly expressed 

(88). There was also a reduction in vimentin-positive cells in myxomatous areas of canine 

valves (82), compared with normal valve regions. Cell density in myxomatous areas was 

not significantly altered between different grades of MMVD or with canine age, 

downplaying a role for cell recruitment or cell proliferation in this condition in dogs (89). 

In human, myxomatous mitral valves demonstrate an increase in certain catabolic 

enzymes and other phenotypic markers, including MMPs, cathepsins, SMemb, and 

interleukin-1!, that are associated with “activated myofibroblasts (59).”  

MMPs and tissue inhibitors of metalloproteinases (TIMPs) both play an important 

role in the remodeling of ECM, both in aging and in MMVD.  For example, both MMP-2 
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and MMP-9 are increased in myxomatous mitral valves (90). In addition, it was shown 

that the expression of MMP-2 decreased and the expression of MMP-14 and of TIMP-2 

and -3 increased with increased MMVD severity and age (91), with the decrease in 

MMP-2 attributed to increased abundance of its inhibitor TIMP-3 (92,93).  

In dogs, an increase in the severity of valvular damage in MMVD corresponds to 

a worsening of the clinical disability (18). MMVD leads to regurgitation of blood across 

the closed mitral valve during ventricular systole. The lesions of MMVD represent a 

gradual process and may cause no detectable clinical signs during early stage of structural 

change. Indeed, valve closure in the early stages may appear normal. However, 

progression of the disease will lead to insufficient coaptation of the leaflets, increasing 

regurgitation of blood back into the atria, and in the late stage of the disease, dilation of 

the left ventricle and mitral annulus occurs, as well as jet lesions and ruptured chordae in 

some cases. As a consequence, these lesions will lead to mitral systolic murmurs, and in 

severe cases, congestive heart failure. This disease progression is similar to MMVD in 

humans in terms of the pathological change and the clinical outcome (94). In humans, 

however, displacement of mitral valve leaflets into the atrium can be less common 

(79,95), and the frequency of chordal rupture is very high (22). 

Due to considerable variation in the size of the normal heart valve in different 

breeds of dogs, a visual scoring method is widely used to classify the diseased valve 

lesions into one of four grades (Table 1). The grading system is easy to apply and can 

provide useful information on the pathogenesis of the disease as each grade represents a 

stage in the development of the disease. However, this grading system requires a 

familiarization with all the manifestations of the disease and is somewhat subjective.  
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Although MMVD in humans shares several of these changes, no similar classification 

system exists for human patients, partly because of the difficulty of identifying patients 

experiencing the early stages of the disease. 

 

Table 1: The principal criteria for the classification of myxomatous mitral valve 
lesions.(74,95) 

Lesion 
Grade 

Nodules (Location) Leaflets (Location) Chordae Valvular 
Competence 

1 Few, small 
oedamatous 
(apposition) 
 

Areas of diffuse 
opacity (basal) 

Unchanged Maintained 

2 Multiple, grayish-
white, coalesce 
(apposition) 
 

Areas of diffuse 
opacity 
(throughout) 

Unchanged Maintained 

3 Increased size, 
plaque-like 
(apposition) 
 

Defined areas of 
opacity (basal) 

Thickened at 
junction with 
leaflets 

Some 
incompetent 

4 Greyish white, 
plaque-like 
elevations 
(apposition) 

Grossly distorted; 
ballooning 
overgrowth (closure 
line) 

Thickened, can be 
stretched/ruptured 

Majority 
incompetent 

2.9. Comparison of age related changes and disease 

Mitral valve disease begins during the first third of a dog’s life, frequently 

producing mitral and occasionally tricuspid insufficiency during the middle years. The 

degree of valvular malformation caused by this disease is fairly well tolerated in some 

individuals up to 9 years of age or older (70). Although there is no comparable grading 

system in human medicine, the age distribution in dogs is comparable with the prevalence 

of mitral valve disease in human patients. The prevalence of mitral valve prolapse (MVP) 

is low in young children, but increases from childhood to adolescence, a change that is 
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concomitant with the growth spurt of adolescence (96). Most reported human patients 

requiring mitral valve repair surgery or replacement tend to be middle-aged (97), with 

mean age at 56 years old (81,98,99). This age distribution suggests that while MMVD 

might not be a part of normal aging, aging and growth have a significant impact on 

disease progression. 

A favored hypothesis at present is that MMVD is a response to repeated impact of 

the leaflet edges (79). Myxomatous degeneration then alters the apposition zone and 

valve motion resulting in abnormal closure. In addition, the changes in motion and 

apposition cause regurgitation that then impacts the distribution of hemodynamic forces 

and ultimately results in further tissue damage (55). An observation that links this 

hypothesis to the aging process is the fact that the heart rate, and thus the frequency of 

mitral leaflet coaptation impacts, increases with age in certain breeds. This greater 

frequency of impact could augment the progression of MMVD in older dogs (100). The 

location and the histology of the thickened foci on leaflet edges supports this hypothesis, 

but the sequence of events and the time course is still unknown.  

In view of the high prevalence of MMVD in the aged canine population and that 

its clinical symptom, mitral regurgitation, represents the most important geriatric heart 

disease, some veterinarians and researchers have classified MMVD as a geriatric disease 

(67,101,102). Indeed, given the slow progression of this disease, most affected dogs are 

clinically asymptomatic for some time. Other authors, however, have claimed that canine 

MMVD is a naturally acquired disease (79,87,103,104). Regardless of classification, 

increasing age has a marked effect on prevalence and severity in canine MMVD as well 

as human MVP (105). For this reason as well as the histological similarities between 
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dogs and humans, canine MMVD has been proposed as a naturally occurring model of 

human MVP (79). 

As described earlier, important ECM changes that occur during the aging process 

include remodeling of collagen, altered GAG and PG composition, and decreased elastin. 

Moreover, progressive thickening of the leaflet cusps was a notable change during the 

aging process (37,106). Given the similarity between these histological and gross 

findings and those of MMVD in dogs it is possible that a link exists between MMVD and 

normal aging of dogs. MMVD might, in fact, be an extreme or abnormal amplification of 

a normal aging process; perhaps aged “normal” subjects in a human study would be 

classified as abnormal in a veterinary context.  Furthermore, in human patients with 

MMVD, the mitral valve leaflets and chordae are thicker, and the ECM derangements are 

significantly more pronounced, compared with age-matched control human valves (23). 

Using his lesion grading system, Whitney found the prevalence and severity of 

mitral valve lesions correlated with increase in age, based on a postmortem study of 200 

dogs (74). When combining all four grades, he found lesions in 37% at 0-4 years of age, 

80% at 5-8 years of age, 93% at 9-12 years of age and 100% at 13-16 years of age.  Type 

1 lesions (15%) were found predominantly in dogs under 5 years old. Type 2 and 3 

lesions (49%) were common in dogs 9-12 years old, whereas Type 3 and 4 lesions (88%) 

were predominately confined to dogs 13 years and over. The more advanced Type 3 and 

4 lesions were found in 24% of the dogs under 9 years old, in comparison to 58% of dogs 

over 9 years old; the majority of dogs with Type 3 and 4 lesions showed evidence of 

congestive heart failure (74). A modification of Whitney’s lesion grading strategy was 

proposed by Kogure (71). Instead of 4 types of lesions, Kogure categorized the mitral 
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lesions into 3 groups. Group I corresponded to Whitney’s types 1 and 2, whereas Group 

II is similar to Whitney’s type 3 and Group III resembled Whitney’s type 4. Among the 

64 dogs with mitral valve lesion studied by Kogure, 30 (47%) dogs with a median age of 

2 years old were classified into Group I; 22 (34%) dogs with a median age of 4 years old 

were in Group II, and 12 (19%) dogs with a median age of 10 years old were in Group III 

(71). The result was parallel to Whitney’s finding that the severity of lesions increased 

with age. Grading lesions as 1-4, corresponding to Whitney’s Type I-IV, is widely 

performed in the veterinary cardiology community. These two comprehensive studies 

have demonstrated the structural change in canine mitral valves is an age dependent 

process.  
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Table 2: . Summary of Changes Seen in Aging and Myxomatous Disease 

Property Age Related Changes Disease Related Changes 

Mechanical behavior 
and gross anatomy 

Reduced extensibility and 
increased elastic modulus 
Thickening of leaflet cusps 

Increased extensibility and reduced 
strength 

Both: Leaflets become opaque and 
thickened (especially along 
coaptation edge) 

Dogs: Greyish-white, smooth 
glistening nodules / plaques on 
atrial surface of leaflets and in 
rough zone 
Humans: Larger region affected 
throughout leaflets and chordae 

Layers (microstructure) Thickening of fibrosa layer 
Layers more delineated 

Disruption of atrialis layer, 
expansion of spongiosa layer and 
destruction of fibrosa layer 

Cells VICs more activated 
(remodeling phenotype) 
Decrease in cell density 

 

VICs and myofibroblasts activated 
phenotype 
Cell density (DNA concentration) 
unaltered 

Collagen and MMPs Increased production and 
remodeling 
Reduced crimp 

Loss of fiber bundle organization 
but increase in immature collagen 
MMP-2 and -9 increased 

MMP-2 decreased 
MMP-14, TIMP-2 and -3 increased 
with severity and age 

 
Elastin Decreases 

Increase in collagen 
reinforcement of elastic fibers 
 

Increase in number but appear more 
granular 

PGs and GAGs Increased abundance in fibrosa 
layer 
Decorin and biglycan greater 
expression 
Altered expression of certain 
sulfated GAGs 

Increase of chondroitin sulfate / 
dermatan sulfate ratio 

Accumulate in leaflets and chordae 
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2.10. Effect of breed and genetic inheritance 

Dogs of smaller breeds, including Cavalier King Charles spaniels (CKCS), 

Chihuahuas, Cocker spaniels, Dachshunds and Miniature schnauzers, are particularly 

predisposed to MMVD (107), even though dogs of smaller breeds generally live much 

longer than dogs of larger breeds (108). It is well documented that certain highly 

predisposed breeds like the CKCS can show signs of MMVD as early as one to two years 

of age, with average initial diagnosis at 6.5 years old.  This age is much lower than the 

average age of initial diagnosis of 12 years in other breeds (68,109). Because of this 

breed association, it has long been thought that the disease is inherited (69). 

Echocardiographic studies of mitral regurgitation in CKCS and Dachshunds have been 

conducted to confirm a parent to offspring inheritable relationship (110–112), while other 

studies lend support that MMVD is an autosomal dominant complex polygenic trait with 

variable penetrance (111). A breeding program aimed at reducing the prevalence of 

MMVD in the Swedish CKCS population started in 2000, but thus far it has been 

unsuccessful (19). An inherited form of the disease is seen in human Marfan Syndrome 

patients who develop myxomatous mitral degeneration at an early age. However, Marfan 

Syndrome is caused by the mutation a single gene encoding for the extracellular 

structural protein fibrillin (113–115). Some cases of mitral valve disease in humans, 

specifically familial cases of apparently autosomal dominant or X-linked inheritance of 

MVP or MMVD, have been traced to the expression of certain genes (116–119), although 

there does not appear to be a clear, universal genetic link between all cases. The specfic 

loci identified thus far include are on chromosome 11 (11p15.4) (120), 13 (13q31-32) 

(120), chromosome 16 (16p11-p12) (118,120), and the X chromosome (Xq28) (117). The 
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underlying genetic defects are not yet known for chromosomes 11, 13, and 16, but there 

appears to be some linkages to defects in filamin A in certain families with MVP with X-

linked inheritance. 

2.11. Conclusions and future directions 

It has proven challenging to distinguish the effects of normal aging from 

myxomatous mitral valve disease for both human and canine mitral valves. Human heart 

valves, both normal and diseased, are becoming more challenging to study for many 

reasons, such as legislation concerning human subjects protections and the asymptomatic 

nature of the early stages of valve disease.  Canine valves also present a challenge 

because of the high incidence of the disease. Regardless of these hurdles, it appears that 

there is a distinct relationship between age and MMVD, although this relationship differs 

between humans and dogs.  This distinction may be due to the focus upon breed-specific 

studies of MMVD in dogs.  Indeed, age does not appear to be the only factor in the 

development of MMVD; as shown in studies of breed-specific and familial MMVD, 

there is likely a role for genetic inheritance.  In contrast with MMVD, it is unclear 

whether age is a factor in other diseases that affect dogs, such as the less common 

myxomatous lesions on the tricuspid and aortic valves (121) or in the relationships 

between heartworm disease, pulmonary hypertension, and mitral valve lesions (70,122). 

It is evident that significant research remains in addressing the challenges of mitral valve 

disease in many mammalian species.  One of the most promising directions appears to be 

focusing on the biology of valvular cells from myxomatous and unaffected regions of 

mitral valves (123,124) from dogs of all ages. Other studies have addressed the role of 
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mechanical stimulation on the production of GAGs and PGs by mitral VICs grown from 

either leaflets or chordae (32,125,126) as well as the impact of growth factors on mitral 

VIC migration and wound healing (127,128), all of which are relevant to MMVD. These 

in vitro approaches, together with studies that focus on certain proteins and their 

signaling pathways, are expected to provide insight into connections between aging and 

MMVD and to provide genetic linkages to disease mechanisms. Given the purported role 

of repeated mechanical impacts in initiating and driving myxomatous degeneration, it 

may be useful to employ in vitro mechanical stimulation bioreactor approaches to 

investigate the mechanobiology of these cells and their ability to remodel the ECM.  

These efforts should reveal new information about the biology of this integral component 

of the cardiovascular system and provide critical insight into the development of novel 

therapies for this devastating disease. 
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Chapter 3 

Bioreactor and biomaterial platforms 
for investigation of mitral valve 

biomechanics and mechanobiology * 

3.1. Introduction and chapter overview  

Understanding the biomechanics of mitral valves (MVs) has significance for both 

surgical treatment and regenerative medicine. The biomechanics and mechanobiology of 

MVs is influenced by their complex anatomy, together with their extracellular matrix 

(ECM) composition and organization. Valve cells are mechanoresponsive, both to the 

hemodynamically active environment which the valve tissue is constantly exposed, as 

well as the altered hemodynamics of valve disease. This chapter will discuss the various 

                                                
* This chapter has been submitted as: Connell PS, Krishnamurthy VK, Grande-Allen KJ. 
Bioreactor and Biomaterial Platforms for Investigation of Mitral Valve Biomechanics and 
Mechanobiology. In: Rajamannan NM, editor. Molecular Biology of Valvular Heart 
Disease. London: Springer London; 2014. p. 95–106. 
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tissue and cell level culture techniques and biomechanical approaches to date for 

examining MV biomechanics and mechanobiology, as well as directions for future 

studies.   

3.2. Anatomy, composition and environment impact biomechanics 

MVs are complex biomechanical gates that facilitate unidirectional blood flow 

from the left atrium to left ventricle; this action is performed about three billion times in 

an average human lifespan. Anatomically, the MV consists of two unequally sized 

primary leaflets (anterior, posterior) and numerous chordae tendineae (129,130). The 

upper ends of the chordae tendineae attach either underneath the leaflet (basal, strut) or at 

the leaflet free edge (marginal), and the lower ends insert in the papillary muscles. 

Normal MV mechanical function involves coordinated motion of the leaflets and chordae 

as guided by blood flow, ventricular and atrial pressures, and contraction of the ventricle, 

papillary muscles, and annulus (leaflet attachment region). Other surrounding anatomic 

structures such as the aortic valve, the coronary sinus, and the circumflex coronary artery 

are also crucial for determining regional biomechanical loading.  

Similar to aortic valves, normal MV leaflets have three well-defined tissue layers: 

ventricularis/ fibrosa, spongiosa and atrialis (131). The fibrosa comprises densely packed 

and microscopically crimped collagen fibers arranged parallel to the free edge of the 

leaflet; this layer confers durability to the valve. The centrally located spongiosa is rich in 

chondroitin sulfate proteoglycans that provide a compressible ECM as they have a 

cushioning and shear absorbing function. The atrialis contains lamellar collagen and 

elastin sheets, which contribute to leaflet recoil during uploading (132). Valve interstitial 
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cells (VICs) are the predominant cell type in MVs, and are fibroblast-like, phenotypically 

plastic, and highly mechanosensitive (133). Valve endothelial cells (VECs) form a blood-

contacting layer surrounding the interior MV tissue.  

The complex heterogeneity in terms of anatomy, valve cell phenotypes, and ECM 

composition is associated with valve biomechanical behavior that is viscoelastic 

(anisotropic, non linear) with regional variations (free edge, belly, annulus) affecting the 

multi-scale function of the MV during normal and diseased states. These aspects will be 

dealt with in this chapter.  

3.3. In vitro cell culture and substrate manipulation 

For the last few decades, the general paradigm for culturing heart valve cells in 

vitro has been to grow them in two-dimensional (2D) monolayers atop static substrates 

such as polystyrene, with few exceptions. Porcine valves, the widely used model of 

human valve disease, were used as early as the 1980s, when Johnson et al. successfully 

cultured porcine VICs and VECs in M199 media with serum supplementation (134). 

While this study established the distinct VIC phenotypes in culture, these conditions did 

not include external mechanical stimulation and hence did not recapitulate in vivo loading 

conditions. A basic organ culture protocol was subsequently developed by Lester and 

colleagues to assess the wound healing capacity of VICs in porcine MV tissue. In that 

work, a wounding device was set up to exert the required tension (perpendicular to the 

direction of blood flow) on a segment of valve tissue secured with needles. After the 

wound was generated, scanning and transmission electron microscopy together with 

histology revealed VIC migration, multilayering, and orientation parallel to the wound 
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edge, which suggested their involvement in tissue repair (135). While it is unclear if the 

applied tension was comparable to the altered physiologic loading during MV disease, 

this and other similar organ culture studies do offer mechanistic insights into MV tissue 

repair and regeneration after mechanical fatigue (135–137) Taken together, these early 

studies established the feasibility of performing mechanistic and mechanical studies on 

mitral VICs in basic 2D cultures.  

Recently, it has been established that cells often exhibit unnatural behavior when 

they are removed from their native three dimensional (3D) tissue environment and 

confined to a monolayer. Hence, there is increasing interest in identifying both natural 

and synthetic matrices for 3D valve cell culture (138). Among these, hydrogels prepared 

from either polyethylene glycol diacrylate (PEGDA) and/or alginate have been used 

successfully as scaffolds for 3D culture (139) (140). Recent studies have investigated the 

development multi-layered hydrogel scaffolds designed to mimic the heterogeneity of the 

native valve, either through layering of collagen or PEGDA gels with different 

mechanical behavior Chen et al., 2011 or heterogeneous 3D printing of synthetic 

scaffolds (140). In the case of layering distinct collagen layers, two identical fibrous 

collagen scaffolds were decellularized and dried within a silicone mold prepared from 

native porcine valves. Subsequently, spongiosa scaffolds were prepared by 

decellurization of pulmonary arteries and treatment with elastase. These spongiosa 

scaffolds were then inserted between the fibrous collagen scaffolds and fused in place 

with a protein/aldehyde scaffold bio-adhesive. The final product was then repopulated 

with cells, mounted in a heart valve bioreactor, and subjected to cyclic mechanical 

stimulation in cell culture conditions. Micromechanical horizontal shearing of the 
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completed scaffolds showed increased shearing between layers of the layered scaffold, 

although at lower angles than found in native valves. The layered collagen scaffolds 

supported in vitro cell repopulation, and bioreactor testing of the valves showed good 

leaflet opening and coaptation when closed (141). In a different study, Tseng et al. 

employed a sandwich fabrication strategy to prepare a valve-inspired three-layered 

PEGDA based scaffold in which the outer layers had stiffer material behavior and the 

inner layer had softer material behavior (142). 

In the case of 3D printing of synthetic scaffolds, a PEGDA hydrogel 

supplemented with alginate has been printed using an extrusion/photocrosslinking 

method. A range of ratios of polymer to photoinitiator were used to achieve 

heterogeneous mechanical properties throughout the scaffold, with a resulting tenfold 

range in elastic modulus across the printed valve (140). The 3D printed valves also 

demonstrated good cell viability after scaffold population. In comparing these two 

methods of obtaining scaffold heterogeneity, the 3D printed valves have some distinct 

assets over the layered collagen valves. For one, printing allows for control of mechanical 

properties on a much smaller scale than does layering, due to the micro-scale resolution 

of 3D printers. Printing the scaffolds is also a faster process (about 45 minutes to print), 

and is more consistently reproducible. A comparison of the shearing properties of a 3D 

printed valve compared to those of the layered collagen valve would be valuable in order 

to understand further the differences between these two methods. It will also be 

interesting to observe the ongoing development of the 3D printer technology to determine 

whether the resolution of the printing approaches the scale of the ECM components.  

When considering how the valve cells behave in all of these 3D hydrogel methods as a 
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whole, in contrast to how they behave in a 2D culture, the cells differentiated, 

proliferated, and migrated through the 3D scaffold gels and responded to added growth 

factors. Overall, these culture systems show promise for developing tissue engineered 

heart valves.  

Mechanical factors impact various cell types, including valve cells, in 

fundamentally different ways, and can trigger specific changes similar to those stimulated 

by soluble ligands. The mechanically-dependent morphology and cytoskeletal structure 

of fibroblasts, endothelial cells, and neutrophils have been documented for cells cultured 

on surfaces with stiffness ranging from 2 to 55,000 Pa, and that have been laminated with 

fibronectin or collagen as adhesive ligand (143). VICs are mechanosensitive, and their 

synthesis of ECM not only determines the material behavior of the valve but also 

provides an adhesive substrate for VICs. However, the interrelationship between 

substrate stiffness and VIC phenotype and synthetic properties has only been recently 

elucidated. Stephens et al. recently showed that the age-specific and valve-region-specific 

responses of VICs to different substrate stiffnesses link VIC phenotype to the leaflet 

regional matrix in which the VICs reside. In that work, stiffness values of the PEGDA 

hydrogels were varied by using different pre-polymerization weight ratios of PEG. 

Hydrogels of elastic modulus 34.5 kPa and 323.3 kPa (5% and 15% PEG w/v) were used 

as substrates for VICs from the mitral valve anterior and posterior leaflets from 6-week, 

6-month, and 6-year-old pigs. This study demonstrated a range of cell activity for all 

three parameters considered, thus providing further rationale for investigating the role of 

substrate stiffness in VIC-driven remodeling of the ECM within diseased and tissue 

engineered valves (144).  
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3.4. Mitral VIC contractility 

VICs are contractile and believed to factor into mitral leaflet force generation 

(145), but the exact mechanisms for VICs in mitral leaflet force generation are only now 

being understood (146). A study by Stephens et al. examined the effect of actin-mediated 

VIC force generation coupled to collagen via !2"1 integrins for force generation in the 

mitral leaflet. Freshly excised porcine mitral leaflets were sutured to a strain-load device 

custom-built for use on a confocal microscope stage, which allowed for strain 

manipulation of the tissue (Figure 8).  
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Figure 8: Custom-built strain-load device.  
(A) Diagram illustrating strain-load device built to fit into a motorized confocal 

microscope stage. Adjustable screw is shown at left; this screw, coupled with a block 
(labeled ‘‘BL’’), allowed manipulation of strain on tissue as indicated by red arrow. 
The chamber glass, which held the tissue sample in buffer, was held above objective 

by virtue of a small metal lip. Placement of tissue sample within the set-up is 
indicated by the beige rectangle and load cell is labeled. (B) Photo illustrating 

custom-built strain-load device on confocal microscope stage. Edges of strain load 
device are outlined in red, tissue sample and load cell are labeled. (C) Close-up 

photo of in situ strain-load device. Note valve tissue sutured to plastic mesh between 
green wire struts. Tissue sample and load cell are labeled. Inset: view of tissue 

sample from above (microscope head piece removed) demonstrating tissue sutured 
in place within the chamber. Microscope objective can be seen below. Adapted from 

Stephens et al. 2010.  
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High-magnification fluorescence and second harmonic generation-based imaging 

of the tissue revealed VIC cytoplasm tightly conforming to the collagen orientation, with 

actin aligned so that the VIC cytoplasmic processes appeared to wrap around the collagen 

fibers. Their results suggested that VIC-collagen coupling, mediated by !2"1 integrins, is 

necessary for KCl-induced force generation in the mitral leaflet. This functional coupling 

between collagen and VICs via !2"1 integrins may play a role for mitral valve function in 

vivo.  

In addition, the finding that VICs express skeletal muscle cell markers such as 

myogenin and non-muscle myosin further supports the notion that valve cusps express 

the required machinery for contractile responses (147,148). Indeed, the ability of VICs to 

form a network in vitro is demonstrated by their ability to contract collagen gels in an 

efficient and unique manner (149,150). Give that VICs show both contractile properties 

(a smooth muscle cell-like characteristic) and synthesize matrix components (a fibroblast-

like characteristic), VICs are well suited for studying their contraction and remodeling of 

collagen gels.  The magnitude of this contraction was shown to be inversely proportional 

to the number of cells seeded into the gel, and it has been demonstrated that the VICs 

initially generate force within the collagen gels by spreading, elongating, and sending out 

extension processes.  

3.5. Mitral valve tissue biomechanics 

The complex microstructure of the MV leaflets leads to a pronounced nonlinear 

anisotropic mechanical behavior (146,151–155). Both the anterior and posterior leaflets 

have a greater tensile elastic modulus and lower extensibility in the circumferential 
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direction compared to the radial direction. Compared to the anterior leaflet, the posterior 

leaflet generally has greater extensibility and a lower elastic modulus, which might be 

due to the larger number of chordal attachments beneath the posterior leaflet, which 

provide it with additional mechanical support (155). There is also a pronounced 

heterogeneity of mechanical behavior throughout individual leaflets (156,157); for 

example, the anterior leaflet clear zone has a circumferential elastic modulus that is 30–

200% higher than in the rough zone of the same leaflet (146,153). Mitral valve leaflets 

also show a rather unique combination of viscoelastic characteristics, being remarkably 

independent of strain rates (152), while exhibiting significant stress relaxation (146,151), 

but showing negligible creep ex vivo (151) and in vivo (157). Finally, the elastic modulus 

of the chordae tendineae is roughly an order of magnitude stiffer than for the mitral 

leaflets (153,158).  

An additional characteristic of the biomechanics of heart valve tissues, recently 

introduced by Stephens et al., was developed to assess the acuteness of the transition 

region in the stress-strain curve.  This factor, the radius of transition curvature (RTC), is a 

measure of pre transition and post transition stiffness. In a study of the MVs from pig 

hearts, an age-dependent increase was observed for mitral valve tissue stiffness, stress 

relaxation, and RTC, which was consistent with increases in collagen content, notably 

type III collagen (159,160). Further, mitral valves were stiffer than age-matched aortic 

valves in both the circumferential and radial directions, possibly due to the 

preponderance of the collagenous fibrosa layer in the mitral valve leaflets. ECM changes 

such as these may be traced to molecular events e.g., increased VIC activation in mitral 

valves compared to aortic valves, at advanced ages (159). Regionally, the center of the 
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MV anterior leaflet demonstrated higher circumferential stiffness, lower extensibility, 

and lower RTC compared with free edge of the anterior leaflet. In the radial direction, the 

MV strips had larger RTC than did those oriented in the circumferential direction.  

Similar to porcine valves, mitral valves from mice have been reported stiffen with 

age as a result of increased collagen fraction and alignment (161), as shown by 

continuous laser optical imaging and meso-scale uniaxial tissue stretching. In contrast, a 

micropipette aspiration based mechanical testing approach showed that aortic valve tissue 

from mice had compromised mechanical stiffness (more pronounced in the valve hinge 

region) at advanced ages due to a decrease in collagen/GAG fractional ratio (162). 

Interestingly, another micromechanical analysis performed using atomic force 

microscopy indicated stiffening of aortic valve tissue with age, with focal collagen 

deposition in the leaflets (163). While fibrotic disease states may manifest as different 

changes in ECM composition (more collagen or more GAG) (164), this distinguishing 

feature of age-induced, localized impairment of ECM maintenance in valves – and any 

differences between old aortic and mitral valves in general – has significant 

biomechanical implications and warrants further study. In the future, it will be important 

to consider a unified approach for measuring tissue biomechanical properties in the 

various heart valves of different animal models. In sum, age-related regional differences 

impact valve physiologic function, and information from studies such as these are useful 

in the context of tissue engineered valve design and understanding the mechanisms of 

MV disease. 
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3.6. Diseased valve biomechanics 

The biomechanics of the MV are dramatically altered in disease conditions.  

Degenerative myxomatous mitral valve disease may lead to valve incompetence due to 

dilatation of the mitral annulus, an excess of valve tissue resulting in billowing floppy 

leaflets (usually more prominent in the posterior leaflet), or most commonly rupture of 

the chordae tendineae resulting in a flail leaflet (165). Mechanically, the myxomatous 

leaflets are roughly one-third less stiff and twice as extensible as normal leaflets (166). 

The chordae tendineae are even more mechanically compromised, being about two-thirds 

less stiff and 75% less strong than normal chordae (167), thus enhancing the potential for 

chordal rupture. 

During valve disease, cell-mediated matrix remodeling can lead to gross tissue 

biomechanical changes. For example, mitral valves from Marfan mutant (C1039G/+ 

Fbn1) mice demonstrated reduced tissue stiffness as early as 4 months of age, which was 

attributed to decreased connective tissue and elastin fractions, and a lower collagen/GAG 

fractional ratio (161). Further, the analysis of the circularity and fiber alignment index 

(expressed as a function of stretch ratio) revealed decoupling of cellular deformation and 

fiber alignment from the tissue stretch in these Marfan mitral valves. This decoupling 

suggests an impairment of local cell sensitivity as well as abnormalities in integrin 

binding and traction force generation due to the Fbn1 deficiency.  
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3.7. Non-sterile in vitro system for MV function and biomechanics 

 

Non-sterile in vitro flow loop systems have generated a great deal of insight into 

the complexity of valve function and disease. Such systems have taken advantage of 

loosened restrictions on the design requirements that are needed for sterile culture by 

adding complex control of valve geometry and analysis capabilities. As non-sterile 

bioreactors are used for short-term studies as opposed to extended culture durations, these 

systems are not capable of in-depth investigation of underlying biological aspects of 

valve function. Instead, such studies concentrate on the mechanical and hemodynamic 

function of the mitral valve. Accordingly, these systems attempt to accurately reproduce 

the clinical environment of valve tissues. This includes considerations of pressure and 

flow waveforms throughout the cardiac cycle mimicking those experienced by natural 

valves, namely a low-pressure, high-volume filling diastole followed by a high-pressure 

systole that requires the mitral valve to prevent backflow under high stresses (when in 

non-diseased conditions). The ability to reproduce physiological heart rates and total flow 

volumes as well as appropriate dynamic pressure rates at the start and end of systole has 

also been considered. To accomplish these goals, these systems consist of a series of 

controls and adjustable elements including variable compliance, resistance, and reservoir 

components of the flow loop (Figure 9). The flow and pressure inputs are then verified 

through a series of flow probes and pressure transducers placed throughout the system in 

critical areas (168). The majority of work using these systems has been conducted or 

based on the work of Dr. Ajit Yoganathan using the Georgia Tech Left Heart Simulator.   
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Figure 9: Schematic of Georgia Tech Left Heart Simulator.  
This system, utilizing a compressed air pump, left ventricular chamber with 

papillary muscle holders, compliance chamber, variable resistance element, and 
reservoir, allows for the manipulation of flow and pressure values and valve 

geometry during a simulated cardiac cycle.  Pressure transducers, flow probes, and 
imaging modalities allow for quantification of flow, pressure and valve movement 

throughout the cardiac cycle for better understanding of valve function and 
physiology. Adapted from Jimenez et al., 2005.  

In addition to generating an accurate reproduction of the hemodynamic 

environment, these systems allow for the manipulation of mitral valve geometry both in 

terms of annular size and shape as well as papillary muscle positioning. This control 

allows for investigation of the valvular geometry effects on valve function. In addition, 

the analysis tools used in conjunction with these systems enhance the types of data 

available to researchers. Such tools include visual or ultrasound tracking markers applied 
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to valves to assess the strains experienced by the chordal and leaflet tissues throughout 

the cardiac cycle (169,170). In addition, force transducers have been placed in line with 

valve chordae to see how chordal forces change, either throughout the cardiac cycle (171) 

and after altering valve geometry to mimic disease conditions (168,172). 

Using these systems and their ability to track and obtain high-resolution data 

resulting from directed manipulations of valve geometry, researchers can gain insight into 

valve function with fidelity not achievable during clinical or animal studies. Researchers 

have been able to investigate fundamental aspects of mitral valve function and 

mechanics, the importance of the shape of the annulus and leaflets, and the role that 

certain chordae perform in overall valve function throughout the cardiac cycle (169,173–

176). In addition, these systems have enabled numerous in-depth investigations of the 

mechanisms of mitral regurgitation, a common, varied, and clinically critical 

malfunctioning of the mitral valve.  The resulting data have provided critical insight into 

what manipulations or malformations the valve can overcome without regurgitation and 

conversely what manipulations result in greater regurgitation volumes (177–179). Such 

studies have found that a flexible mitral annulus increases forces on basal chordae and 

increased mitral regurgitation in the setting of dilated cardiomyopathy, that basal chordae 

are most sensitive to papillary muscle displacement, and that a saddle shape annulus more 

optimally balances the forces on the chordae to allow for better valve coaptation in the 

presence of papillary muscle displacement. Expanding upon the clinical relevance of such 

in vitro systems, multiple strategies to repair the mitral valve have been tested, validated 

or analyzed using these physiological flow loops (180–185). 
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The newest generation of non-sterile systems has concentrated on expanding the 

range of imaging capabilities that can be employed to monitor valve function. By 

constructing these flow loops using materials compatible with echocardiography and 

magnetic resonance imaging technology, detailed characterization and visualization of 

tissue and fluid dynamics is possible within these bioreactor systems (186,187). In 

addition, by ensuring these systems are compatible with clinically relevant imaging 

modalities, investigators can be more confident in their comparisons to clinical findings 

in patients or in vivo models of valve mechanics and disease. These findings allow for in-

depth analysis of the function of certain aspects of the mitral valve as well as deeper 

understanding of clinical phenomenon with a level of rigor only achievable in an in vitro 

system. The precise control features found in the in vitro systems can also be used to 

resolve controversies that arise using clinical measurement tools, especially in cases in 

which the unique geometry or complications of a given clinical situation casts doubt upon 

the validity of measurements from traditional imaging techniques such as Doppler 

echocardiography or cardiac MRI (187,188). 

As these systems continue to progress in complexity, imaging technologies used 

to analyze non-sterile flow loop systems have moved beyond the capabilities available to 

clinical practice. Recent studies have shown that higher resolution images can be 

obtained using flow loops that are compatible with micro-computed tomography (micro-

CT) and digital particle image velocimetry (DPIV) (189). With sufficiently high 

resolution, these in vitro flow loop models have the potential to establish, refine, or 

validate in situ models of valve function. In contrast to previous in vitro models, in which 

examining the impact of alterations in valve geometry required anatomic or mechanical 
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changes that were large in scale, the improved resolution in these recently described 

systems could be used to assess the impact of smaller changes that are more 

representative of early disease progression (185,189). Examining the impact of such 

changes could provide clinical insight regarding controversial issues, such as the timing 

of intervention during the progression of valve disease or alternative novel therapy 

options. Additionally, the high fidelity of imaging of both tissue and flow that can be 

obtained in such systems should also promote more in-depth fundamental studies of how 

tissue and fluid mechanics impact overall valve function. 

Despite their versatility and recent innovations, these non-sterile flow loops still 

have some important limitations to overcome. Currently, the main limitation is that no 

published loop has accurately reproduced the dynamic annular movement that occurs in 

clinical valves. An innate limitation is that, since these loops are non-sterile, it is difficult 

to study the impact of biological and compositional changes on valve mechanics and 

function due to the challenge of obtaining fully intact diseased mitral valves from patients 

or animal models. The development of a source of diseased or disease-conditioned valves 

(such as from specialized animal models) that could be further investigated in these non-

sterile flow loop systems could provide new information about how disease conditions 

affect the valve mechanics, function, and resulting hemodynamics, including mitral 

regurgitation. 
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3.8. Sterile bioreactors: models for mitral valve biomechanics and 

disease 

Sterile bioreactor systems have a distinct advantage over non-sterile systems in 

their ability to incorporate and investigate the biological response to mechanical stimuli. 

As researchers look to gain insight into the factors that impact valve remodeling and how 

this might affect valve function and disease progression, design criteria for their systems 

must incorporate the desired balance between control of applied mechanical stimulation 

and the faithful replication of physiological function. Simpler bioreactor designs can offer 

more control over the selected manipulations being studied and greater ease in 

maintaining sterility within the system. However, simplicity can also lead to placing 

valve tissues in non-physiological environments, which can alter their typical, clinical 

response to mechanical stimuli. 

The most simplified 3D culture systems harvest cells from valves (usually the 

valvular interstitial cells), place these cells in a known scaffold such as collagen or a 

synthetic polymer and stimulate these constructs using a stretch or flow mechanism 

(190). By using precise numbers of cells within a well-defined substrate, researchers are 

controlling the biochemical signals the cells are receiving in addition to the mechanical 

stimulation. This approach also permits investigation of differences in extracellular 

matrix production as a result of varied experimental conditions without concern over 

inconsistencies in starting composition or intrinsic biochemical stimuli, allowing for 

higher fidelity studies (191). By using simple flow or uniaxial or biaxial stretch, such 

systems can directly apply simple, measureable strain rates to their constructs, making it 

possible to correlate strain rates/magnitudes and changes in cell behavior. Using such a 
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system, Gupta et al. found that chordal and leaflet valvular interstitial cells produce 

magnitudes of glycosaminoglycans in comparable proportions to the concentrations of 

glycosaminoglycans found in chordal and leaflet MV tissues.  Waxman et al. determined 

that cyclic strain induced fibroblastic phenotypes in canine valvular interstitial cells. This 

simple design has similarly been used on strips of mitral leaflet tissue. These systems 

hold the same advantages as the uniaxial stretch scaffold systems, only they utilize the 

native tissue structure to provide the cells their natural extracellular matrix environment 

throughout the study (192,193). 

The next stage of sterile bioreactor incorporates multiple stimuli into their design 

while attempting to still balance relative simplicity and small size. The native mitral 

valve not only experiences tensile forces throughout the cardiac cycle, but also 

compression, bending, and shear forces due to flow. One example of such as system is 

the rotating “splashing” bioreactor system reported by Barzilla et al. (194). In this system, 

a portion of the mitral valve is suspended within a chamber partially filled with media 

and then the chamber is rotated so that the change in orientation results in the culture 

media splashing across the valve, simulating some degree of tension, compression and 

shear upon the valve segment (although physiological flows and pressures are not 

obtained). This type of system is able to apply multiple types of stimuli to the valve 

simultaneously, and while it does not have the control of the directly applied strain 

systems and does not apply physiological loads, it still provides a platform by which the 

effect of these different stimuli on valve cell activation and valve compositional 

remodeling can be explored (195). Using such a system, Barzilla et al. were able to 

reproduce the serotonergic plaques formed atop valves as a result of valve exposure to 
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norfenfleuramine, and were able to gain insight into the underlying mechanism of this 

drug-induced valvulopathy.  

The last category of sterile bioreactors is physiological flow loops. This type of 

bioreactor is a closed system that includes a mock left ventricle with attached pump, 

tubing, a compliance chamber, and a reservoir chamber to produce physiological or 

pseudo-physiological flow and pressure acting upon an intact mitral valve. These systems 

may closely resemble non-sterile flow loop systems, but are often simplified with fewer 

active mechanical parts in order to allow for easy assembly of a fully closed, sterile 

system with filtered air exchange. Although these systems may lack the resolution of 

control of previously discussed parameters such as strain rate, they do provide the valves 

with simulated native valve hemodynamics that allow for valve culture over multiple 

week periods so that the biological response to geometry and hemodynamic variations 

can be explored (196). These systems also lack the full physiological response that would 

be present in an animal model, but do provide benefits in terms of reducing cost and 

allowing control of geometric and hemodynamic parameters within the system. Taken 

together, these systems would allow for the direct cause and effect comparison of very 

specific manipulations to be explored with a high enough number of valves to obtain 

high-powered studies of even subtle remodeling responses. 

A system closely related to the physiological flow loops is the Miniature Tissue 

Culture System described by Lieber et al. This unique design takes advantage of flow 

loop principles and the physiology of a full intact murine left ventricle to allow for the 

culture of mitral valves in their native ventricular environment (Figure 10). Given the 

genetic manipulation and viral targeting currently available throughout mouse lines, the 
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use of this system to investigate murine hearts offers tremendous potential to explore the 

genetic components of heart and valve disease (197). 

 

Figure 10: Schematic of Miniature Tissue Culture System.  
This system allows for the culture of a mouse left ventricle, including intact mitral 
valve, with user controlled flow and pressure using a cannulation system. In this 
system a ball cannula (BC) is inserted through the pulmonary vein into the left 
atrium (LA) and secured in place above the level of the mitral valve. A cylinder 
cannula (CC) is then inserted through an opening cut into the apex of the left 

ventricle (LV) and secured using cyanoacrylate. The pulmonary artery, aorta, and 
left atrial appendage are ligated to prevent leakage. As a result of this ligation, the 
right atria (RA) and right ventricle (RV) are excluded from the flow of this system. 

Adapted from Lieber et al., 2010.  
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One disadvantage of these full, sterile, physiological flow loop systems is that the 

requirements of sterile culture often make imaging the active valve difficult or 

impossible, depending on the modality being used. Therefore, one area for improvement 

of such systems would be design advancements that would allow for the same imaging 

protocols as used in the non-sterile loops or for the ability to transfer valves (while 

maintaining their accurate attachment characteristics) into non-sterile systems that have 

state of the art imaging capabilities.  Using this tandem approach, investigators could 

better characterize the hemodynamic conditions being experienced by the valve as well as 

measure the valve dynamics throughout the simulated cardiac cycle. 

3.9. Summary 

Although the mechanobiology of the mitral valve has not received as much 

attention as that of the aortic valve, there is a growing effort to develop in vitro tools to 

investigate the relationships between the distinctive and varied ECM composition of the 

mitral valve, the interstitial cells located throughout the MV, and their mechanical 

environment.  These studies utilize a wide range of approaches employing native or 

synthetic hydrogel platforms, native valve tissues, and/or simple through complex 

bioreactor systems to transmit adhesive or applied strains to the valve cells.  These 

systems and platforms can be used in studies of biomechanics or mechanobiology as a 

function of mechanical stimulation only, or applied in combination with chemical stimuli 

such as pharmacological agents or growth factors, and have provided great insight into 

the bioemechanics and mechanisms of MV function, remodeling, and disease.  In the 

future, it seems likely that sterile bioreactor systems will be designed with more hybrid 
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functionality, such as integration of imaging modules to monitor MV function during 

culture, to take advantage of the versatility offered by non-sterile bioreactors for the MV.  

Further characterization of the MV of common animal models, and their comparison with 

human valves, will allow the development of a wealth of in vitro models for MV disease. 

These approaches will also be valuable in developing future culture and scaffold systems 

for the purpose of generating tissue engineered mitral valves.  All of these potential 

research directions will be essential in the future as we strive to elucidate the critical steps 

in the development of mitral valve disease as targets for new treatment strategies. 
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Chapter 4 

Redesign of flow loop bioreactor to 
control mitral valve regurgitation*‡ 

4.1. Introduction 

The Rice University Flow Loop System (RUFLS) is a sterile flow loop bioreactor 

that is capable of long-term culture of intact porcine mitral valves. It is capable of 

physiologic pressures (up to 150 mmHg systolic pressure), physiologically relevant 

pressure waveforms (high pressure (120 to 150 mmHg) systole, low pressure 

(~20mmHg) diastole, systole 1/3 length of total cardiac cycle), and near- physiological 

flow (3L/min). This chapter will offer insight into a particular modification of the design 

of RUFLS to incorporate three-dimensional control of the papillary muscles (PM) of the 

                                                
* This chapter has been submitted for publication as: Connell PS, Vekilov D, Grande-
Allen KJ. Control of Environment – Redesign of Flow Loop Bioreactor to Control Mitral 
Regurgitation. In: Engineering 3D Tissue Test Systems. Oxford: Taylor & Francis; 2015. 
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mitral valve within the system for the purposes of regulating the degree of mitral 

regurgitation, which was not possible with the original design. 

4.2. Original system and need for modification 

4.2.1. Creation of system 

The flow loop system consists of three main chambers (left ventricle, compliance, 

reservoir) connected by tubing (Figure 11). The compliance and reservoir chambers are 

positioned so that they are elevated above the left ventricular chamber. The left 

ventricular chamber is divided into two compartments using a silicone rubber membrane. 

The air side of the membrane is connected to a piezoelectric pressure regulator, which 

produces a pressure waveform resulting in a high pressure systolic pumping phase within 

the left ventricle chamber, and to a pressure sensor used to measure pressure within the 

chamber. The media side of the chamber houses the intact porcine mitral valve within the 

mitral valve holder and a mechanical aortic valve in the aortic valve port. During systole, 

media flows out the aortic port, prevented from backflow regurgitation by an intact, non-

regurgitant mitral valve, and through tubing up to the elevated compliance chamber. 

There, the pressure waveform is dampened and media then flows to the reservoir 

chamber, which contains a filtered air port to facilitate air exchange. Media then flows 

down, via gravity, from the reservoir chamber through tubing into the left ventricle 

chamber by way of the mitral valve holder. To measure bi-directional flow within the 

system, a ultrasonic flow probe is clamped onto the tube connecting the reservoir 

chamber to the mitral valve holder, just proximal to the mitral valve holder. 
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Figure 11: Rice University Flow Loop System (RUFLS).  
A: The left ventricular chamber (LVC) consists of a fluid chamber (top) and air 

chamber (bottom), which are separated by a membrane. The membrane moves in 
response to the pressure waveform produced by a piezoelectric pressure regulator 
to create a mock cardiac cycle. The left ventricular chamber includes a mechanical 
aortic valve (AV) port and the mitral valve (MV) port. B: RUFLS consists of three 

chambers: the LVC, the compliance chamber (CC) and the reservoir chamber (RC). 

The original bioreactor design concentrated on several design factors (198). First, 

a sterile design was required, which necessitated that the system be self-contained with 

no media or air leaks. It also required that all materials be capable of repeated 

sterilization cycles, preferably using an autoclave. In order to minimize damage to the 

tissue and cell death in the harvesting process, the system was designed for quick 

assembly. Additionally, in order to facilitate long-term culture, the system was sized to fit 

within the confines of a standard tissue-culture incubator. Finally, the system was 

designed and modified to produce physiological pressures and flows, including a high-
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pressure systole and low-pressure diastole within the system. During preliminary studies 

of tissue culture within the system, sterility and pH of media was maintained throughout 

the culture period. 

Valves cultured in the system for three weeks were compared to fresh tissue and 

static controls. Static controls were valves grown submerged in media for three weeks 

without any mechanical stimulation. The dynamic controls were statistically more similar 

to fresh tissue than were static controls in terms of tissue hydration, DNA content, PCNA 

staining, and mechanical properties of valve tissues (199). The ability to maintain 

cellularity and mechanical integrity of the dynamically cultured tissues provided evidence 

that organ culture studies of the mitral valve were viable and that RUFLS had achieved 

its major design goals. 

4.2.2. Increasing regurgitation over time 

One of the disappointing findings of the original RUFLS experiments was the 

gradual development of regurgitation over time within the system (Figure 12). Despite 

initial regurgitation values consistent with levels of regurgitation that would be 

considered low to insignificant in a clinical setting, the system would develop 

regurgitation consistent with moderate to severe clinical regurgitation over the 3-week 

culture duration.  
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Figure 12: Regurgitation in old and new system. 
Comparison of regurgitation developed over time in the old system vs. new system. 
In the old system, regurgitation gradually increased over the two week culture. The 

new system is able to successfully culture valves for up to two weeks while 
maintaining regurgitation below 600 mL/min.  

There was a concern that the altered mechanics and hemodynamics induced by 

this increasing regurgitation were contributing to aberrant remodeling seen in the original 

studies of RUFLS, in which some differences were observed between fresh and 

dynamically cultured tissues. If this were the case, this regurgitation would have to be 

corrected to ensure that there were not inherent shortcomings to culturing valves in 

RUFLS. We hypothesized that this increased regurgitation was the result of imprecise 

control of PM positioning. This hypothesis was supported by various literature reports 

that examined the effects of regurgitation on valve movement and forces experienced by 

the valve throughout the cardiac cycle, normally in the context of altered PM geometry. 
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4.3. Non-sterile systems to control papillary muscle geometry 

Pathologic conditions that alter the geometry of the left ventricle often result in 

changes in the PM positioning relative to the MV annulus. Altered displacement of the 

PM, either toward or away from the annulus, changes the tension experienced by the 

chordae tendineae, which in turn affects the leaflets’ ability to coapt properly and leads to 

mitral regurgitation (200). Because PM position plays such an important role in proper 

valve function, non-sterile bioreactors have been built to elucidate the effect of PM 

displacement on mitral disease progression. These in vitro studies allow complex analysis 

of individual valvular components, as well as a comprehensive understanding of mitral 

valve structure and function in normal and diseased states. Published reports of these 

non-sterile bioreactors, and their mechanisms of PM control, were highly influential in 

guiding the development of an improved means of controlling PM position within 

RUFLS. 

The research group of Dr. Ajit Yoganathan at the Georgia Institute of Technology 

has a long history of utilizing such in vitro setups to study mitral valve geometry and 

function in a finely controlled environment. For example, they employed an in vitro left 

ventricle flexible bag model to demonstrate that mitral PM displacement and annular 

dilation can create moderate to severe mitral regurgitation by preventing proper leaflet 

coaptation (201). To create a system capable of manipulating these structures and 

elucidating the effects of these manipulations on overall valve structure and function, 

they developed the Georgia Tech Left Heart Simulator, which accurately mimics 

physiological and pathophysiological flow and pressure waveforms and allows control of 

annular size (normal, dilated) and shape (flat, saddle), along with PM position (171,200). 
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The Left Heart Simulator was constructed to allow measurements of various parameters, 

such as the force on chordae and valvular fluid flow, on a single valve (14,202). In 

addition, the system was designed to be compatible with multiple imaging modalities, 

including echocardiography, micro-computed tomography, and digital particle image 

velocimetry (171,202). These technologies enable the monitoring of hemodynamics and 

tissue deformation, such that they can be correlated for in-depth biomechanical analyses. 

This non-sterile bioreactor has been used to elucidate mitral valve mechanics and 

behavior, as well as to validate existing computational models of valve function and 

biomechanics.  

The Left Heart Simulator contains an intricate system to allow precise PM 

positioning (13,171). After dissecting the mitral valve, chordae tendineae, and PMs from 

a porcine, ovine, or human heart, the PM are wrapped in Dacron cloth and sutured onto 

holding disks (171). These holding disks are then attached to force rods, which allow the 

total force applied to each PM to be measured in order to determine their appropriate 

position in physiological and pathophysiological states (171,203). A series of alignments 

take place in order to ensure accurate PM positioning: first in the medial-lateral position, 

then in the anterior-posterior plane, and then in the basal-apical position (13,171). This 

alignment recreates the native geometry of the valve so that there is neither slack nor 

tension in the chordae. The PM positioning can also be altered along any of the three axes 

in order to mimic pathological conditions and analyze the effects on other valve 

components. Apical displacement of the PM created tension on the strut chordae and 

resulted in leaflet tenting, as is often seen in functional mitral regurgitation (13). In 

addition, displacing the PM apically, laterally, and posteriorly and measuring the 
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distribution of chodral force at different locations unveiled that strut and basal chordae 

that insert closer the annulus show a greater response to PM displacement than marginal 

chordae that insert near the free edge. Another study revealed that PM displacement and 

annular dilation drastically increases regurgitant fraction (204). Decreasing transmitral 

pressure also contributes to greater regurgitation by altering the force exerted on the 

leaflets during ventricular contraction. The Left Heart Simulator has been vital in 

broadening our understanding of mitral valve structure and mechanics.  

Other research groups have also sought to engineer systems for the in vitro study 

of mitral valve characteristics and disease. Dr. Stephen Little’s team at Houston 

Methodist Hospital have created a non-sterile flow-loop model containing a main 

circulatory loop with variable compliance and resistance and a regurgitation limb 

branching off the circulatory loop that includes an ultrasound imaging chamber 

(187,205). The circulatory loop is capable of creating a physiologically-relevant 

hemodynamic environment that mimics that observed in clinical MR. The main feature of 

interest is the ultrasound imaging chamber that enables the acquisition of high quality 

two-dimensional (2D) and three-dimensional (3D) Doppler echocardiography of the MV 

in order to assess regurgitant flow and volume. The Little group has used the flow loop 

system to validate 3D color Doppler proximal isovelocity surface area (PISA) as a more 

precise method for estimating regurgitant volume, compared to 2D-PISA (186). In 

addition, it has been used to validate computational fluid dynamics models of MV 

regurgitation (187). Together, these studies both confirm and add clarity to measurement 

and diagnosis tools used to analyze mitral valve disease in clinical settings.  
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While these non-sterile systems have been critical in understanding mitral valve 

mechanics and flow patterns in response to altered PM positioning, their greatest 

limitation is their inability to incorporate analysis of biological parameters into their 

studies.  The sterile environment of RUFLS offers a means by which to overcome this 

limitation. 

4.4. RUFLS Redesign 

In order to expand on the preliminary work conducted using RUFLS, we needed 

to improve the system in two major ways. First, we needed to establish a mechanism by 

which we could reliably create non-regurgitant organ cultured valves to serve as normal 

controls for future in vitro models of mitral valve disease. Without a reliable means of 

controlling the PM position to ensure non-regurgitant hemodynamics, any result obtained 

through manipulation of hemodynamics using RUFLS would be confounded by the 

effects of culturing control valves in regurgitant conditions. Second, we needed to 

achieve this through a mechanism conducive to further manipulation of valves within 

RUFLS. Such a mechanism would facilitate the types of manipulations on valves that 

would allow us to study the effects of different hemodynamic variations on valve 

remodeling.  

By successfully achieving these two goals, RUFLS would be improved in a 

manner that would take advantage of the two most promising features of the system: first, 

the successful recreation of physiological pressures within a sterile valve culture system, 

and second, the ability to manipulate the system conditions in a highly controlled manner. 

Such a system would allow us to explore the response of valve cells and tissues to 
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mechanical manipulations over a long time frame. This redesigned system would 

improve on the current in vitro culture technology in that it would incorporate elements 

of physiologic mechanical stimulation. Furthermore, this system would improve on 

current in vitro non-sterile flow loops by allowing examination of the biological, in 

addition to mechanical, response of the valve to altered mechanics. 

4.4.1. Original papillary geometric control 

In the original version of RUFLS, the PMs were encased within metal coils that 

were restrained by metal wires within a mitral valve holder (Figure 13A, B). The loosely 

constructed nature of the coil allowed easy placement of the intact PM within its interior, 

whereas the metal rods enabled the placement of the PMs within various sets of holes 

drilled into the base of the mitral valve holder to maintain the appropriate length of 

chordae within the culture system (Figure 14A).  
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Figure 13: Evolution of papillary muscle holders.  
A: The original RUFLS used metal coils to encase the PMs. B: The PMs metal coils 

were wrapped around the PMs. C: A later iteration of the PM holders used a 
sawtooth clamping system and introduced an eye-hook to allow proper positioning 
within the mitral valve holder. D: The sawtooth system pierced the muscles to hold 

them in place. Suture on the anterior and posterior ends of the sawtooth helped 
keep the clamps in place. E: The new PM holders consist of a platform with eight 
holes and an eye-hook. F: The PM holders are held in place using umbilical tape 

and suture.  
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Despite the simplicity of this original design, it had a number of flaws. First, the 

rods used to place the PMs were not stiff enough to prevent PM movement during 

systole. Due to PM contraction, the PMs normally change position relative to the native 

valve during the cardiac cycle. In healthy individuals, the tops of the PMs move away 

from the annulus, as opposed to the original culture system in which they moved towards 

the annulus. In lieu of an active contraction mechanism to oppose the forces of systole 

(which remains a challenge within a sterile system), a mechanism that maintains a stable 

position during systole would be preferable. In addition to allowing PM movement in the 

basal-apical direction through the cardiac cycle, the PM coils in the original design were 

not affixed to the metal rods that held the PMs in place. This arrangement allowed for 

movement of the PMs in the medial-lateral direction as the rod would move freely within 

the coil, and in the anterior-posterior direction as the coil could slide freely along the rod. 

This lack of precise control of PM position made it difficult to recapitulate the natural 

valve geometry throughout the cardiac cycle in a way that mimicked the pre-dissection 

geometry within the heart in a reproducible manner. 
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Figure 14: Evolution of the mitral valve holder.  
A: The original RUFLS encased PMs within a metal spring-like coil. The coil was 

then placed on metal rods and positioned in a set of discrete holes in the mitral valve 
holder to maintain the appropriate geometry. B: The new RUFLS held PMs in place 
with a system of screws and nuts. The discrete holes in the mitral valve holder were 

replaced with long holes for insertion of the screws to allow movement along the 
apical-basal axis. The screws and nuts allowed movement along the medial-lateral 

axis. 

Furthermore, the reliance on discrete holes in the side of the mitral valve holder 

made it impossible to accommodate the continuous apical distances present throughout 

natural physiologic variation of our valves. Correctly positioning the PMs in relation to 

the valve is vitally important to maintain non-regurgitant flow and normal forces on valve 

tissues. In addition, the range of apical distances available in the original design was 

inadequate for appropriate PM placement based on the PM distances measured in porcine 

hearts prior to valve dissection. 
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4.4.2. Success and design criteria 

In order to address these limitations of the original system, several aspects of 

RUFLS were redesigned. The primary success criteria for the redesign was the ability to 

culture intact mitral valves for 2 weeks with less than 600mL/min of regurgitation, a 

criteria that would serve as a control for future valve studies in RUFLS. Based on our 

observation of valves in the original RUFLS systems and the previous literature exploring 

the mechanical effects of PM manipulation on valve motion and forces (204), we 

hypothesized that the largest barrier to success for achieving this criteria was the relative 

lack of control of PM positioning within our system. We therefore considered four major 

design criteria in exploring the improvements to our bioreactor system. 

4.4.2.1. Control papillary muscle position 

The redesigned system needed to be able to provide independent control of each 

PM in all three dimensions (apical-basal, medial-lateral, and anterior-posterior) in a 

continuous manner. This control was required so that both native healthy and diseased 

valve geometry could be reproduced within RUFLS. 

4.4.2.2. Remain sterile 

Any adjustments to RUFLS needed to maintain the consistent sterility of the 

existing system. This constraint necessitated avoiding any reliance on positioning 

mechanisms exterior to the existing left ventricular chamber, which could potentially lead 

to media or air leaks and contamination. In addition, it mandated that all new components 

were autoclave, or otherwise sterilization compatible. 



 72 
 

4.4.2.3. Modular 

The constraints associated with the sterile conditions of RUFLS also made it 

difficult to visualize the valve motion within the system. Therefore, in order to confirm 

proper valve motion and hemodynamics within RUFLS, we used the imaging flow loop 

system (described above) of our collaborator, Dr. Stephen Little. This collaboration 

required that the design of the new PM control mechanism for RUFLS be simple enough 

and compatible with the non-sterile flow loop system in order to accurately reproduce the 

geometry of RUFLS. 

4.4.2.4. Limit changes to mitral valve holder 

In order to 1) limit the cost of the redesign, 2) maintain the advantages already 

present in the original design of RUFLS, and 3) focus the scope of the redesign, the final 

design criteria for the redesign was to limit changes to the mitral valve holder and its 

components.  

4.4.2.5. Summary 

The redesign of RUFLS was undertaken as a two part process: the redesign of the 

mitral valve holder to better secure the PM holder to the mitral valve holder for control 

over the geometric position of the PMs in space, and the redesign of the PM holders to 

better secure the PM to the positioning mechanism without damaging the muscle. 
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4.4.3. New mitral valve holder 

4.4.3.1. Network of holes method 

The first iteration of the redesign involved the elongation of the ‘network of 

holes’ approach used in the original RUFLS. There were two main design differences in 

this new system (Figure 14). The first difference was that, in the new system, in place of 

the metal rod threaded through the holes, a screw and nut would be placed through the 

hole in order to hold the PM in position. The second difference was a rotation of the holes 

90 degrees so that they were placed on the medial-lateral axis of the holder as opposed to 

the anterior-posterior axis. The screws were selected to replace the metal bar because 1) 

their increased stiffness would halt the basal movement of the PMs during systole and 2) 

a series of nuts to be placed on the screw inside the mitral valve holder around the new 

PM holder would allow for the control of the medial-lateral position within the holder 

(see the next section for how this nut setup was ultimately implemented). The rotation of 

the discrete holes was to accommodate the changes in the PM holders while allowing 

continuous manipulation of the medial-lateral position of the PMs. The original 

orientation would have allowed for continuous anterior-posterior positioning along the 

screw-nut setup, while leaving medial-lateral manipulation limited to discrete holes 

placed in the holder. As most valves require neutral placement along the anterior-

posterior axis (directly apical to the commissures of the valve, which are placed in the 

midline of the mitral valve holder in our system), it was decided that more flexible 

medial-lateral manipulation was a higher priority.  
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Although an improvement on the original design, this first iteration redesign had 

the drawback of allowing for only discrete manipulation of the basal-apical positioning of 

the PMs. This restriction would limit the precise position in the basal-apically direction, a 

vital component of PM position based on previous work. As a result, this first iteration 

redesign did not meet the criteria, and therefore was passed over for other redesign ideas. 

4.4.3.2. Slot and screw method 

The second (and final) mitral valve holder redesign was based on a slot and screw 

method that allowed for continuous control of the basal-apical, medial-lateral, and 

anterior-posterior positioning (Figure 15). The design incorporated a slot cut into the side 

of the mitral valve holder along the apical-basal axis at the anterior-posterior midline. 

The medial-lateral positioning of the PM is controlled by the positioning of nuts along the 

length of screws secured within these slots on either side. The anterior-posterior position 

of the valve is controlled by other elements of the system, including the positioning of the 

valve on the suture ring (placing the valve commissure more anterior on the suture ring 

has the practical effect of placing the PMs posterior on the PM holders). This positioning 

mechanism is technically difficult in the anterior-posterior direction, as it cannot be 

manipulated after the valve and PMs are sutured in place.  However, it still allows for 

continuous anterior-posterior positioning. Additionally, under normal control 

circumstances, PMs are placed at the midline of the commissures, therefore eliminating 

the need for anterior-posterior manipulation in most cases (Figure 15A). 
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Figure 15: Papillary muscle positioning in new RUFLS. 
 A: The mitral valve is sutured onto a ring with the commissures lined up with black 
lines on the ring (red arrow). These commissural lines are aligned with the holes in 

the mitral valve holder to ensure proper PM positioning along the anterior-
posterior axis (black axis). B: The suture ring seen in A is inserted in the basal end 

of the mitral valve holder. The elongated holes on the sides of the mitral valve 
holder allow for proper PM positioning along the apical-basal axis (black axis). C: 

The PM holder is sandwiched between nuts on the screws to allow proper PM 
positioning along the medial-lateral axis (black axis). An = Anterior; P = Posterior; 

B = Basal; Ap = Apical; L = Lateral; M = Medial. 

This design successfully matched all of our established design criteria. It allowed 

for the precise continuous control of the PM position in all three cardinal directions. All 

parts used in this new design (metal screws and nuts, silicone washers) were autoclavable 

and remained contained within the confines of the bioreactor, making it an insignificant 

sterility risk. In addition, the simplicity of the design limited changes to the mitral valve 

holder and PM holders and made the system highly compatible with the imaging flow 

loop used by our collaborators, allowing us to accurately recreate the valve geometry in 

their system using easily obtained measurements.  

The new system did, however, require a redesign of the PM holder attachment 

system, meaning the mechanism by which we attached the PMs to the mitral valve 

holder. The iterative design process for the PM holders is described in detail below. 
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4.4.4. New papillary muscle holders 

4.4.4.1. Sawtooth clamping system 

The change of the mitral valve holder system, with its transition from a metal rod 

to a screw and nut system in order to secure the PM holder, necessitated a move away 

from the metal coils used in the previous system. The PM holder system needed to 

directly connect to the mitral valve holder system to maintain tight control of position, 

but the screws could not constrain the muscle in the same manner as the old coil. 

Therefore, to secure the PM holders onto the mitral valve holders, an eyehook was added 

the PM holder design.  

To secure the muscle within the PM holder, our initial proposed design revision 

took advantage of a sawtooth clamping system (Figure 13C, D). Utilizing a simple hinge 

mechanism, this system would pierce the muscle with multiple sawtooth ‘spikes’ to hold 

the muscle in place. Suture could then be added to the anterior and posterior edge of the 

muscle through holes at the end of the hinge mechanism. These holders were printed in 

an autoclave compatible resin using a 3D printer.  

This sawtooth-clamping method had two major drawbacks when piloted in our 

system. First, the clamping mechanism resulted in fraying of the muscle during repeated 

cycles in RUFLS. Second, repeated autoclaving cycles resulted in a reduced mechanical 

strength of the resin material used in the 3D printing process. The need to make new 

sawtooth clamps again and again would result in the system becoming prohibitively 

expensive over the long term. Given the impracticality of this technique, another option 

compatible with the modified mitral valve holder was sought. 
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4.4.4.2. Platform system 

Given the limitations presented by the sawtooth clamping system, we looked to 

make two major changes for the next iteration of the PM holder system. The first change 

was to simplify the design so that we could avoid the higher costs of 3D printing in lieu 

of machining a material that would have better long-term properties after repeated 

sterilization. The second change was to move away from a mechanism that depended on 

a solid material piercing and holding the muscle in place, as we felt this would continue 

to lead to muscle fraying and failure of the holder after repeated cycles. We, however, 

would maintain the use of an eyehook to connect our PM holder to our mitral valve 

holder, as this contributed to the modular nature of our system, and its compatibility with 

our collaborator’s imaging flow loop system.  

The new system would be comprised of a simple platform connected to an 

eyehook, constructed out of Delrin, an easily machined, strong, plastic material that could 

withstand repeated autoclaving (Figure 13F). The platform would then have a series of 

eight holes machined around its edge, which would be used to suture the muscle to the 

platform and hold it in place. After initial tests were conducted, we found that muscle 

fraying around the suture sites remained an issue. We hypothesized that this was the 

result of stress concentrations forming around the suture sites throughout the 600,000 

mock cardiac cycles performed over the one week time period. In order to reduce the 

stress concentrations on the tissue, sterilized umbilical tape was looped around the 

muscle, through gaps in the chordae tendineae, and tied down to the platform, in order to 

secure the PM to the holders. Suture was then used in this system to ensure the muscle 

was well secured (Figure 13F). The new system, with the umbilical tape absorbing most 
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of the force of systole and distributing it across a larger surface area, was successful in 

securing the PMs to the platform holders without muscle fraying for up to two weeks of 

culture.  

4.5. Findings – models and consistent regurgitation 

Having successfully created a complete mitral valve and PM holder system 

capable of securing the PM in a consistent manner capable of continuous manipulation in 

all three dimensions of valve geometry, we then proceeded to test the hypothesis that 

such control would allow us to produce a non-regurgitant organ culture system capable of 

two-week valve culture. With the successful reproduction of native valve geometry, we 

were able to culture valves for up to two weeks with regurgitation levels below 

600mL/min (Figure 12). In addition, by altering the position of the PM (5 mm basal 

displacement), we were able to create a moderate to severe model of mitral valve 

prolapse, which produced an eccentric regurgitation jet on color Doppler 

echocardiography, consistent with clinical findings in mitral valve prolapse patients. 

Then, by displacing the PMs 5 mm apically and laterally and dilating the mitral valve 

annulus by 65%, we were able to create a moderate to severe model of functional mitral 

regurgitation, with a characteristic central jet confirmed on color Doppler 

echocardiography. The successful creation of a non-regurgitant control and two models 

of disease hemodynamics using manipulations of valve geometries validated the 

successful redesign of RUFLS. 
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4.6. Lessons from our experience 

Having successfully redesigned the RUFLS system to allow for the precise 

geometry control of intact mitral valves within a sterile culture system, we are able to 

draw several important conclusions from our experience. First, in order to create a system 

that enables the ability to understand physiologic and pathophysiologic phenomenon, it is 

important first to understand the form and function of the tissue under consideration. By 

understanding the importance of PM position on mitral valve function, for example, we 

were able to design the second generation of RUFLS accordingly, allowing us to 

overcome the deficiencies in the original RUFLS and to create controls that mimicked 

healthy valves in vivo. Second, it is essential to consider design criteria carefully in order 

to produce a system that is simple and compatible with future design iterations. By 

keeping the original RUFLS system as simple as the design requirements could allow, we 

were able to change a single major component, the mitral valve holder and associated PM 

holders, in order to make a dramatic improvement to the system. Lastly, in order to allow 

for component optimization, it is also important to keep costs low and, when viable, 

attempt to produce or buy components with quick turnaround time. Regardless of the 

sophistication of the initial design, unanticipated modifications to the system will likely 

be required, and budgeting both cost and time accordingly will increase the chances for 

success.  
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Chapter 5 

Regurgitation hemodynamics alone 
cause mitral valve remodeling 

characteristic of clinical disease states 
in vitro* 

5.1. Abstract  

Mitral valve regurgitation is a challenging clinical condition that is frequent, 

highly varied, and poorly understood. While the causes of mitral regurgitation are 

multifactorial, how the hemodynamics of regurgitation impact valve tissue remodeling is 

an understudied phenomenon. We employed a pseudo-physiological flow loop capable of 

long-term organ culture to investigate the early progression of remodeling in living mitral 

                                                
* This chapter was published as: Connell PS, Azimuddin AF, Kim SE, Ramirez F, 
Jackson MS, Little SH, Grande-Allen KJ. Regurgitation hemodynamics alone cause 
mitral valve remodeling characteristic of clinical disease states in vitro. Ann Biomed Eng. 
2015 Jul 30; 1-14. 
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valves placed in conditions resembling mitral valve prolapse (MVP) and functional mitral 

regurgitation (FMR). Valve geometry was altered to mimic the hemodynamics of 

controls (no changes from native geometry), MVP (5mm displacement of papillary 

muscles towards the annulus), and FMR (5mm apical, 5mm lateral papillary muscle 

displacement, 65% larger annular area). Flow measurements ensured moderate 

regurgitant fraction for regurgitation groups. After 1-week culture, valve tissues 

underwent mechanical and compositional analysis. MVP conditioned tissues were less 

stiff, weaker, and had elevated collagen III and glycosaminoglycans. FMR conditioned 

tissues were stiffer, more brittle, less extensible, and had more collagen synthesis, 

remodeling, and crosslinking related enzymes and proteoglycans, including decorin, 

matrix metalloproteinase-1, and lysyl oxidase. These models replicate clinical findings of 

MVP (myxomatous remodeling) and FMR (fibrotic remodeling), indicating that valve 

cells remodel extracellular matrix in response to altered mechanical homeostasis resulting 

from disease hemodynamics.  

5.2. Introduction 

Mitral valve regurgitation is an insidious, frequent, and heterogeneous condition 

with a lack of fundamental knowledge about how this disease starts, progresses, or could 

be reversed or prevented. Despite a wide variety of clinical presentations, all mitral 

regurgitation is accompanied by in a distortion of valve geometry, resulting in valves 

experiencing an altered hemodynamic profile. These alterations change the mechanical 

forces the valves experience throughout the cardiac cycle (6,13,15). It has been 

previously shown that valve interstitial cells are sensitive to changing mechanical 
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environments, and that changes in strain can alter the types of extracellular matrix 

proteins that valve interstitial cells produce and degrade (192,193). In light of these 

findings, it is clear that the impact of altered regurgitation hemodynamics on the 

remodeling of valve tissues throughout the progression of mitral regurgitation is an 

understudied phenomenon.  

The two main types of mitral regurgitation result in vastly different hemodynamic 

profiles, and the valves in each experience very different mechanical forces. Organic 

mitral regurgitation typically takes the form of mitral valve prolapse (MVP). MVP is 

associated with slack tissues, resulting in decreased tension experienced by valve 

components (206,207). MVP is also associated with the mechanical weakening of valve 

tissues, including leaflets and chordae tendineae, as well as an accumulation of 

glycosaminoglycans (GAGs) and proteoglycans within tissues, a process known as 

myxomatous remodeling (208). MVP is multifactorial, with a variety of molecular and 

genetic factors altered across different patient populations with the disease (209). Despite 

new insight into potential genetic or molecular mechanisms of myxomatous 

degeneration, there remain gaps in our knowledge of how MVP initiates and progresses 

(209). 

The second type of regurgitation, functional mitral regurgitation (FMR), develops 

as a result of the distortion of the valve annulus and papillary muscle geometry that 

occurs in regional or global left ventricular systolic dysfunction (2). The altered geometry 

creates higher tension forces throughout the leaflets and chordae of the valve, resulting in 

leaflet tethering.(6,13) Tethering prevents appropriate valve coaptation during systole, 

resulting in backflow. Overall, FMR is associated with stiffer, more fibrotic tissues (4,9).  
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These two disease processes represent not only the different etiologies of mitral 

regurgitation, but also the extremes of functional disturbance and altered geometry. 

Despite the detailed findings of studies into the mechanical and compositional properties 

of both end-stage MVP and FMR tissues (4,8,9,208), how the altered mechanical 

environment of regurgitation directly impacts these properties remains poorly understood. 

By understanding the impact of the extremes of high and low tension, we gain an 

appreciation for the valve interstitial cell response to altered mechanics and the impact 

mechanics has on the progression of mitral regurgitation.   

Our group has designed a pseudo-physiologic flow loop system, the Rice 

University Flow Loop System (RUFLS), capable of long-term in vitro culture of living 

mitral valves (199). Here we document the ability to recreate the hemodynamic 

environment of both MVP and FMR in vitro using RUFLS. We then explore how the 

resulting altered mechanics affect valve interstitial cell remodeling of the underlying 

extracellular matrix and posit that the differences observed in the tissue characteristics of 

these two disease conditions are influenced by the natural responses of cells to altered 

tension. 

5.3. Materials and Methods 

5.3.1. Organ culture system 

The design and operation of the core components of RUFLS have been described 

previously (198,199). In brief, adolescent (6 to 9 month) porcine mitral valves obtained 

from a local abattoir (Fisher’s Ham and Meats, Spring, TX) are harvested intact and 



 84 
 

installed into a mitral valve holder. This mitral holder is then placed into a mock left 

ventricular chamber. The left ventricular chamber is comprised of a culture medium 

compartment and an air compartment separated by a silicone membrane. LabView 

software (National Instruments, Austin, TX) powers a proportional pressure regulator 

(Numatics, Novi, MI) that creates a high-pressure systolic waveform that forces media 

through a mechanical aortic valve and into the flow loop. Other loop components include 

a compliance chamber, which dampens the systolic pressure wave, and a reservoir 

chamber, which holds media until it flows by gravity back through the mitral valve for a 

low-pressure filling phase and has an attached air filter for air exchange within the 

system. The system creates a complete mock cardiac cycle with physiological waveforms 

and pressures, with a flow rate of 3 liters per minute. For this study, approximately 1.2 L 

of M199 culture medium (Sigma-Aldrich, St Louis, MO) supplemented with 10% bovine 

growth serum (ThermoHyclone, Logan, UT) and 2% anti-microbial solution (Mediatech, 

Manassas, VA) was pumped through each loop at a rate of 60 beats per minute and a 

systolic pressure of 125mmHg. The system was placed in a standard cell culture 

incubator at 37°C and 5% CO2. A schematic of the system is shown in Figure 16. 
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Figure 16: Schematic of Rice University Flow Loop System (RUFLS).  
Solid arrows show the flow of media through the bioreactor system. Dashed arrows 
show the flow of information to and from RUFLS and the computer DAQ system. 

LV = left ventricle. DAQ = data acquisition system. 

5.3.2. Imaging flow loop 

A second, non-sterile, imaging flow loop, described in detail previously 

(186,205), was used to visualize valve movement and hemodynamics of control and 

disease models cultured in RUFLS. This system was augmented to allow for installation 

of intact mitral valves within its mock left ventricular chamber using the same attachment 

mechanisms as RUFLS. Incorporated into this system were imaging windows capable of 

visualization and ultrasound, including color Doppler echocardiography (2 to 4 MHz 

transducer, Sonos 7500, Philips Medical Systems, Bothell, Washington), at standard 

anatomic positions and distance.  
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5.3.3. Creation of experimental culture conditions 

Improvements to the organ culture system since it was first published,(198) allow 

for precise control of the position of the papillary muscles independently along both the 

apical-basal, and medial-lateral axes. Prior to harvest, papillary muscle position was 

determined by measuring the distance to the corresponding valve commissure in both the 

apical-basal and the medial-lateral axes. For the purposes of papillary muscle positioning 

it was assumed the papillary muscles were positioned directly below the commissures 

along the anterior-posterior axis. The annular size of the mitral valve was then 

determined using a Duran AnCore annuloplasty ring sizing kit (Medtronic, Minneapolis, 

MN). These measurements were considered the neutral position of the valve apparatus 

and were replicated for control models.  

To create the slack chordae and low tension associated with MVP, harvested 

valves were first placed in the neutral position and then both papillary muscles were 

displaced 5 mm basally, towards the annulus.  

To create the high-tension tissues associated with FMR, harvested valves were 

first sewn onto annular rings approximately 65% larger by area than control annuli. This 

greater area included a 10% greater commissure-to-commissure dimension and a 50% 

greater anterior-posterior annular measurement. These altered dimensions were based on 

a variety of clinical findings comparing patients with FMR to controls (9,210,211) and 

values used to create in vitro FMR (6,14,181). The harvested valves were then placed in 

the neutral position and papillary muscles were displaced 5 mm apically, away from the 

valve annulus, and 5 mm laterally, creating the high-tension tethering of FMR. These 

displacements have been previously shown to elevate tension on anterior strut, posterior 
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basal, and commissural chordae, thereby increasing leaflet tenting and regurgitation 

(6,13). Alterations in valve geometry for both MVP and FMR models can be seen in 

Figure 17.  

 

Figure 17: MVP & FMR Condition Creation.  
FMR condition created by (A) apical and (D) lateral displacement of papillary 

muscles from the neutral position (dashed line), as well as (D) 65% greater annular 
area compared to (E) control annulus. (C, F) MVP model created by basal 

displacement of papillary muscles from neutral position (dashed line). (B, E) 
Control model created by placing valve in neutral position. FMR = functional mitral 

regurgitation; MVP = mitral valve prolapse. 

All models were cultured in RUFLS for one week and monitored for regurgitant 

flow and cardiac output using an ultrasonic meter (Transonic Systems, Ithaca, NY). After 

culture, select valves were imaged using both video and color Doppler echocardiography 

in our imaging flow loop to characterize regurgitant flow of different models. All valves 

were then sectioned with leaflets divided into either radial or circumferential direction 

sections as seen in Figure 18. Radial dissection resulted in anterior radial and posterior 
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radial leaflet segments and anterior basal, anterior marginal, posterior basal, and posterior 

marginal chordae for use in mechanical and histological studies. Circumferential sections 

resulted in anterior clear zone, anterior rough zone, and posterior circumferential sections 

along with the chordal sections for use in mechanical and biochemical testing. 

 

Figure 18: Valve Sections.  
Tissues were mechanically tested in radial and circumferential directions and the 

anterior leaflet was divided into clear and rough zones corresponding to the absence 
or presence of chordae tendineae. 

5.3.4. Histological staining and immunohistochemistry 

Radial sections reserved for histology or immunohistochemistry were formalin-

fixed, paraffin embedded, and sectioned into 5 #m thick sections. Tissue sections from 

each condition were then stained according to previously described methods using a 

Herovici stain, used to differentiate between young collagen, stained blue, and mature 

collagen, stained red (212). Picrosirius red staining was used to assess collagen alignment 

according to the color observed under polarized light with more aligned collagen 

producing longer wavelengths (i.e. red) of birefringence (213,214). 

Immunohistochemistry analysis was performed using techniques previously 

described (215). This analysis allowed for localization of several markers of tissue 
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phenotype and collagen remodeling, including collagen III (ab7778; Abcam, Cambridge, 

England), matrix metalloproteinase-1 (MMP-1; ADI-905-472-1, Enzo Life Sciences, 

Farmingdale, NY), decorin (LF # 136, Gift from Dr. Larry Fisher, NIH) (216), lysyl 

oxidase (LOX; IMG-6442A, Imgenex, San Diego, CA), and prolyl-4-hydroxylase (P4H; 

bs-5090R, Bioss, Woburn, MA). A biotinylated secondary antibody (Jackson 

Immunoresearch, West Grove, PA) was added to all samples to allow for visualization 

using a 3,3'-Diaminobenzidine chromagen reaction (Vector Laboratories, Burlingame, 

CA). Negative controls for each secondary antibody were performed for each sample 

with no primary antibody.  

For both histology stains and immunohistochemistry, the anterior leaflet clear 

zone, anterior leaflet rough zone, and posterior mid-leaflet regions were imaged using a 

Leica DMLS upright light microscope (Buffalo Grove, IL). Herovici staining was imaged 

using white light, while picrosirius red stain images were conducted under both white 

light and polarized light in order to capture the birefringence of the constitutive collagen 

fibers (213,214). For Herovici and picrosirius red birefringence analysis, Image J 

software (NIH, Bethesda, MD) was used to first split images into their hue, saturation, 

and brightness components and then quantify the amount of red hue present as a 

percentage of total tissue area as described previously (217). Immunohistochemistry 

analysis was performed as previously described using Image J software to determine the 

percent of tissue area that stained positive for the antigen of interest compared to matched 

negative control (n = 6 to 8 for all staining) (218). 
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5.3.5. Materials testing 

Mechanical analysis was performed as described previously.(199) Anterior clear 

zone, anterior rough zone, anterior radial, posterior circumferential, and posterior radial 

leaflet segments (each n = 6 to 8) and anterior basal, anterior marginal, posterior basal, 

and posterior marginal chordae (each n = 14 to 16, 2 of each type tested per valve) were 

tested with a pre-determined uniaxial tensile testing protocol using an EnduraTEC ELF 

3220 (Bose, Eden Prairie, MN). 

In brief, thickness, width, and gauge length of the tissue were measured prior to 

testing. Testing was conducted in a 37˚C phosphate buffer saline. Tissue was 

preconditioned using ten load-unload triangle waves. A simple ramp load was then 

applied and held for 60 seconds to measure stress relaxation. This evaluation was 

followed by a ramp unload, 10 second rest period, five preconditioning cycles and a 

simple load-unload triangle wave to observe tissue hysteresis. The tissue segment was 

then stretched to failure. Any sections that failed prior to completion of the entire 

protocol were not included in the analysis. 

Mechanical testing data was then converted from load and displacement to stress-

strain curves for analysis conducted using MATLAB software (MathWorks, Natick, 

MA). Gauge length for each test was determined according to protocols developed from 

previously described methods (219). Stress relaxation data was fit to a bi-phasic decay 

model and the fast and slow time constants were calculated. Hysteresis percentage was 

calculated by dividing the area between the loading and unloading curve by the total area 

under the loading curve. Elastic modulus was calculated from the slope of the second 

linear region of the bilinear stress-strain curve, extensibility was calculated as the x-
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intercept of the line defined by the elastic modulus, and the ultimate stress and strain 

were defined as the stress and strain values at the maximum stress obtained throughout 

failure tensile testing. 

5.3.6. Biochemical Analysis 

Biochemical analysis was conducted as previously described.(199) Anterior clear 

zone, anterior rough zone, and posterior leaflet sections (n = 7 to 8) were weighed before 

and after lyophilization to determine hydration of tissues. After digestion in pepsin 

(Sigma-Aldrich, St. Louis, MO), samples were tested for collagen content using the 

Sircol Assay (Biocolor, Carrickfergus, United Kingdom). After digestion in both pepsin 

and Proteinase K (Calbiochem, Darmstadt, Germany), samples were tested for GAG 

content using the Blyscan Assay (Biocolor, Carrickfergus, United Kingdom). 

Colorimetric data was analyzed using a Spectramax M2 (Molecular Devices, Sunnyvale, 

CA) and compared to standard curves prepared using known quantities of rat-tail 

collagen or glucuronic acid for the Sircol or Blysacn assay, respectively. All values were 

normalized to dry weight of the tissue sample. 

5.3.7. Statistical analysis 

Statistical analysis was performed using R Studio software (Version 0.98.953). 

Data are expressed as mean ± standard error or as percent difference of the means. 

Graphs are expressed as boxplots with outliers being defined by the 1.5 interquartile 

range rule. Unless otherwise stated, two-way ANOVA with post hoc Tukey Honestly 

Significant Difference test was performed to determine differences across condition 

groups (control vs. MVP and control vs. FMR) and tissue sections (i.e. anterior rough vs. 
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anterior clear). When the patterns of results were inconsistent across tissue sections, 

individual one-way ANOVA with post hoc Tukey test was performed across condition 

groups to determine differences. Power analysis was performed to ensure appropriate 

sample size for all groups (1-" = 0.8). Results were considered significant at p < 0.05.  

5.4. Results 

5.4.1. Hemodynamic validation of disease-mimicking conditions 

Flow measurements obtained at the end of one-week culture showed moderate 

regurgitation in MVP (regurgitant fraction 35 ± 4%) and FMR (regurgitant fraction 20 ± 

2%) conditions. In contrast, low regurgitation was observed and maintained in controls 

(regurgitant fraction 11 ± 1%). Both conditions also experienced a significant increase 

from the degree of regurgitation at the initial setup to the final amount of regurgitation 

across the one-week culture (MVP: +13 ± 4%, p < 0.05; FMR: +8± 1%, p < 0.001, 

Student’s t test). In addition, color Doppler echocardiography performed using the 

imaging flow loop after one-week culture confirmed that MVP condition valves 

displayed the characteristic eccentric regurgitant jet of prolapse and that FMR condition 

valves displayed the characteristic central jet of FMR (Figure 19).  
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Figure 19: Analysis of Valve Models.  
Using the Methodist Imaging Flow Loop, (A) control valves showed no regurgitant 

jet. (B) MVP valves showed characteristic eccentric regurgitant jet (red left-oriented 
back flow). (C) FMR valves showed characteristic central jet. Photos (bottom row) 

are screen shots taken during end of systole from imaging flow loop videos. (D) 
Controls with proper coaptation of leaflets. (E) MVP posterior leaflet prolapsing 
(red arrows emphasize prolapsing leaflet). (F) FMR leaflets tethering resulting in 

incomplete coaptation. n = 2. Scale bar = 1 cm. FMR = functional mitral 
regurgitation; MVP = mitral valve prolapse. 

5.4.2. MVP Condition 

5.4.2.1. Composition 

Sulfated GAG concentration was greater in MVP valve segments compared to 

controls (+37% anterior clear, +39% anterior rough, +72% posterior). MVP tissues also 

had greater hydration (+29% anterior clear, +33% anterior rough, +68% posterior). 

Immunohistochemistry showed a 188% greater level of collagen III expression in MVP 

posterior leaflets compared to controls, but no significant difference in anterior clear zone 

or anterior rough zone. MVP valve tissues were also significantly thicker than controls 
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(+38% anterior clear, +49% anterior rough, +21% posterior circumferential, +43% 

anterior radial, +8% posterior radial). These results are summarized in Figure 20. 

Collagen content (Sircol Assay), MMP-1, Decorin, LOX, mature collagen (Herovici), 

and highly aligned collagen (picrosirius red) were analyzed and found to not be 

statistically significant.  

 

Figure 20: Myxomatous Characteristics Elevated in MVP.  
MVP leaflets have higher concentrations of (A) Col3 as calculated by the percent 

area stained using immunohistochemistry. In addition, (B) MVP leaflets have higher 
concentrations of GAGs, (C) are thicker, and (D) have greater hydration compared 
to controls. Representative pictures of DAB-based immunohistochemistry staining 

of controls (top picture), negative controls (no primary antibody; insert, top 
picture), and MVP valves (bottom picture) are shown. n = 6 to 8. Scale bar = 100 

µm. ANOVA with post hoc Tukey’s HSD test used for significance. * = p < 0.05; ** 
= p < 0.01; *** = p < 0.001. Col3 = collagen III; GAG = glycosaminoglycan; MVP = 

mitral valve prolapse; Neg = negative control. 
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5.4.2.2. Materials properties 

MVP valve leaflets had a lower elastic modulus (-39% anterior clear, -59% 

anterior rough, -10% posterior circumferential, -14% anterior radial, -3% posterior radial) 

and lower ultimate stress (-50% anterior clear, -53% anterior rough, +2% posterior 

circumferential, -28% anterior radial, -39% posterior radial) than controls. In addition, 

the circumferentially oriented MVP leaflet segments had a significantly larger stress 

relaxation fast time constant (+6% anterior clear, +11% anterior rough, +6% posterior 

circumferential) compared to controls. This finding corresponds to greater viscosity over 

control tissues. Results are summarized in Figure 21. 
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Figure 21: Mechanical Analysis of MVP Valves.  
MVP leaflets have (A) lower elastic modulus and (B) lower ultimate stress overall. 

In addition, MVP leaflets have (C) a larger stress relaxation fast time constant than 
controls in the circumferential direction. n = 6 to 8 leaflets, 14 to 16 chordae. 

ANOVA with post hoc Tukey’s HSD test used for significance. * = p < 0.05; ** = p < 
0.01; *** = p < 0.001. 

5.4.3. FMR Condition 

5.4.3.1. Composition 

Compared to controls, FMR valve tissues had greater content of MMP-1, an 

interstitial collagenase involved in collagen degradation in remodeling tissues (+64% 

anterior clear, +73% anterior rough, +608% posterior). FMR valves also had greater 
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expression of decorin, a small leucine-rich proteoglycan involved in collagen 

fibrillogenesis (+164% anterior clear, +64% anterior rough, +18% posterior), and LOX, 

an enzyme responsible for collagen crosslinking (-15% anterior clear, +62% anterior 

rough, +193% posterior). Mature collagen content was also larger in FMR leaflets as 

captured by the percentage of red hue in the Herovici stain (+81% anterior clear, +57% 

anterior rough, +48% posterior). In addition, the amount of highly aligned collagen in 

FMR leaflets was lower than controls as measured by red birefringence of picrosirius red 

staining (-27% anterior clear, -36% anterior rough, -8% posterior). The Sircol analysis 

did not show a significant difference in overall collagen content between FMR and 

control valve tissues (p = 0.50). Results are shown in Figure 22. Collagen III, GAG 

concentration (Blyscan Assay), hydration, and collagen content (Sircol Assay) were 

analyzed and found not to be statistically significant. 
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Figure 22: Fibrotic Remodeling Characteristics Elevated in FMR.  
FMR leaflets have higher concentrations of (A) MMP-1, (B) decorin, and (C) LOX 
as calculated by percent area stained using immunohistochemistry (graphs). FMR 

leaflets have (D) more mature collagen as measured by red hue in Herovici staining 
but (E) less aligned collagen as measured by red birefringence in picrosirius red 

staining. (F) Representative, higher resolution images of picrosirius red staining in 
polarized and white light are shown, along with representative pictures of (A-C) 

DAB-based immunohistochemistry and (D) Herovici staining of controls and FMR 
valves. n = 6 to 8. Scale bar = 100 µm (A-E) or 800 µm (F). ANOVA with post hoc 

Tukey’s HSD test used for significance. * = p < 0.05; ** = p < 0.01.  
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5.4.3.2. Material properties 

FMR valve leaflets have a higher elastic modulus (+57% anterior clear, +48% 

anterior rough, +69% posterior circumferential, +17% anterior radial, +50% posterior 

radial) than control valves. Ultimate strain was lower in both radial FMR leaflet segments 

(-29% anterior radial, -46% posterior radial) and FMR chordae (-15% anterior basal, -9% 

posterior basal, -1% anterior marginal, -45% posterior marginal) when compared to 

control tissues. Extensibility was higher in circumferential FMR leaflets (+4% anterior 

clear, +13% anterior rough, +35% posterior), but lower in radial FMR leaflets (-48% 

anterior radial, -28% posterior radial) and chordae (-26% anterior basal, -17% posterior 

basal, +8% anterior marginal, -30% posterior marginal). Radial FMR leaflet segments 

also had a lower hysteresis percentage compared to controls (-35% anterior radial, -46% 

posterior radial), a sign of greater elasticity and lower viscosity in FMR tissues. Results 

are shown in Figure 23.  
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Figure 23: Mechanical Analysis of FMR Valves.  
FMR leaflets had (A) higher elastic modulus than controls. In the circumferential 
direction, FMR valves had (B) higher extensibility. In the radial direction, FMR 

leaflets had (B) lower extensibility, (C) lower ultimate strain, and (D) lower 
hysteresis percentage than controls. FMR chordae had (F) less extensibility and (G) 

lower ultimate strain than controls. n = 6 to 8 leaflets, 14 to 16 chordae. ANOVA 
with post hoc Tukey’s HSD test used for significance. * = p < 0.05; ** = p < 0.01; *** 

= p < 0.001. FMR = functional mitral regurgitation. 
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5.5. Discussion 

5.5.1. Precise control of valve geometry allows for creation of clinically relevant 

disease hemodynamics 

Using RUFLS, we have created the first sterile in vitro replication of mitral 

regurgitation. We previously established that dynamic culture of mitral valves in our 

organ culture system was significantly improved over static culture as comparable to 

fresh tissue (199). This previous study showed that valves cultured within RUFLS 

maintained cell viability and proliferation. In addition, the system maintained sterility 

throughout the culture period and the pH of media was maintained (198,199). However, 

that earlier work was limited in its ability to control annular and papillary muscle 

geometry. Previous systems in other labs have implemented precisely controlled 

geometry to recreate and investigate aspects of mitral valve disease in in vitro flow loops, 

but these studies were limited to non-sterile healthy valves without a long-term culture 

period (6,180,184). In the work presented here, we aimed to replicate these advancements 

to better control papillary muscle positioning as well as annular diameter and shape, 

which allows for the first creation of mitral valve disease hemodynamics in a sterile in 

vitro system. By measuring and replicating the geometry of healthy valves in RUFLS, we 

are able to create a valve that is non-regurgitant throughout the one-week culture period. 

We can recreate MVP and FMR-like valve geometries with moderate regurgitation and 

characteristic regurgitant color Doppler jet profiles in vitro by manipulating the geometry 

of the valve from its neutral positioning. We are therefore able to culture healthy valves 

in hemodynamic conditions that mimic clinical disease, investigating how the valve 
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responds in a causal and controlled fashion. As a result, we can conclude that differences 

in tissues cultured in control versus disease conditions are due to the hemodynamic 

alterations mimicking the disease. This is an advantage of in vitro organ culture over 

clinical studies of diseased tissues, which cannot differentiate the impact of 

hemodynamic environment on tissue remodeling from underlying tissue pathology 

independent of environment.  

5.5.2. MVP conditioned valve tissues undergo myxomatous remodeling 

After one-week culture in the slack conditions resembling MVP, valve tissues 

showed characteristics of myxomatous remodeling. In the clinical presentation of mitral 

regurgitation, the most compelling evidence for myxomatous remodeling includes an 

elevation in GAG content (8,208), higher amounts of type III collagen (220), and a 

reduction in elastic modulus and ultimate stress compared to healthy valves (129,208). 

Our MVP-conditioned valves have a similar set of differences from controls, with more 

reticular, type III collagen in the posterior leaflet, greater hydration, and elevated GAG 

content. The lack of significant findings amongst the collagen remodeling and synthesis 

enzymes investigated suggests that the low-tension environment of MVP results in a 

myxomatous phenotype through increased GAG and reticular collagen accumulation and 

not through extensive turnover of the existing collagen architecture. However, this does 

not preclude collagen enzyme involvement later in the remodeling process. The 

combination of these extracellular matrix changes results in altered material behavior in 

our valves including a reduction in elastic modulus and ultimate stress. In addition, a 

higher stress relaxation fast time constant in leaflets corresponds to more viscous 
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behavior of MVP-conditioned valves compared to controls, consistent with greater GAG 

content.  

Our ability to condition healthy valves to replicate these findings using 

hemodynamic manipulations alone helps to clarify the possible mechanisms of MVP 

pathology in a way that was previously impossible to obtain. Our findings support the 

hypothesis that the valvular interstitial cells of the mitral valve respond to the low-tension 

tissue conditions of MVP hemodynamics in a myxomatous manner, decreasing the tissue 

tensile strength in accordance with the hemodynamic demands placed on the tissue. 

5.5.3. FMR condition valve tissues undergo fibrotic remodeling 

After one-week culture in the high-tension environment of the FMR condition, 

valve tissues showed characteristics of fibrotic remodeling. Clinically, FMR tissues have 

been reported as having greater collagen content (9), resulting in mechanically stiffer 

tissues compared to healthy controls (4). Animal studies simulating FMR using 

tachycardia (221), tethering (222), and ischemia (223) also showed increases in collagen 

turnover, deposition, and procollagen I, respectively, consistent with fibrotic remodeling. 

While we did not find an elevation in collagen content, we did observe greater expression 

of factors involved with collagen fibrillar assembly (decorin), crosslinking (LOX), and 

degradation (MMP-1), as well as increases in collagen maturity (Herovici staining). This 

suggests that the early stages of fibrotic remodeling have started in the FMR-conditioned 

tissues.  

The reorganization of collagen architecture within the valve plays an important 

role during the early stages of fibrotic remodeling. The combination of smaller amounts 
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of highly aligned collagen as measured by picrosirius red staining and increased presence 

of LOX, a collagen crosslinking enzyme, provides support for reorganization. This 

interpretation is also supported by the observed changes in material properties; FMR-

conditioned tissues were stiffer, more brittle, less extensible, and less viscous than 

controls in the radial direction. These findings are consistent with the material property 

differences reported for human FMR leaflets, which were predominantly observed in 

radial specimens, oriented perpendicularly to the main collagen orientation in the mitral 

valve (224). Collagen reorganization can also explain the larger extensibility in the 

circumferential direction, as a decrease in collagen alignment would necessitate more 

strain in order to incorporate and uncrimp the less aligned collagen components of the 

extracellular matrix.  

These material properties also support the hypothesis that fibrotic-type 

remodeling is in response to the higher tension placed on valves by the hemodynamic 

conditions and tethering of FMR. Additionally, a majority of the observed mechanical 

alterations occurred in the radial direction, which experiences higher tension under 

tethering conditions. Also, larger elevations in MMP-1, LOX, and elastic modulus, as 

well as larger reductions in ultimate strain and hysteresis percentage, occurred in the 

posterior leaflet. As the posterior leaflet is under the least tension during healthy valve 

motion, finding that it reacts most strongly to high-tension FMR tethering demonstrates 

the effect of elevated tension on valve remodeling. This provides support for the 

hypothesis that mitral valve interstitial cells are responding to FMR hemodynamics by 

remodeling the extracellular matrix in a manner that increases stiffness and brittleness 

and decreases extensibility and viscosity of the valve. It also supports the previous 
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findings that the mitral valve is not a passive actor in functional disease, and is 

physiologically altered as a result of the clinical setting seen in FMR (9).  

5.5.4. Implications of disease hemodynamics for remodeling 

Both MVP and FMR are multifactorial disease processes. MVP has a wide variety 

of molecular and genetic mechanisms that may impact disease processes (209), while 

FMR can result from a variety of causes of left ventricular regional or global dysfunction 

(2). The final common pathway of both, however, is a regurgitant valve whose 

hemodynamic environment places aberrant mechanical forces on valve tissues throughout 

the cardiac cycle. By demonstrating that previously healthy valves placed in MVP and 

FMR hemodynamic conditions undergo myxomatous remodeling and fibrotic remodeling 

respectively, we have established a role for altered mechanics in the progression of mitral 

regurgitation.  

These findings give insight to the early development of mitral disease and how 

mitral tissues respond to alterations in hemodynamic and geometric conditions. While 

previous clinical studies have characterized these tissues in end-stage disease (4,220), and 

animal studies have looked at the impact that imposed disease models in a physiological 

system have on the mitral valve (221,222), our system allows for the investigation of the 

impact of isolated hemodynamic changes on valve tissues. By conditioning valves in our 

system and comparing to controls cultured under identical pressure and heart rate 

conditions, we are able to establish a direct, causal relationship between altered 

hemodynamics created by our disease condition geometries and alterations that occur in 

tissues as a result. The dramatic differences observed show the profound impact that 
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disease hemodynamics can impart upon valve remodeling, and the short, one-week 

culture time demonstrates that these changes happen quickly. Additionally, the increases 

in regurgitation observed in both disease models throughout the culture period provide 

evidence that valve remodeling worsens disease progression. In other words, the valves 

are not responding to the amount of regurgitant flow, but rather to the mechanical load 

placed on the valves as a result of valve geometry and hemodynamics. This load then 

leads to tissue remodeling that worsens the regurgitation. These findings also provide 

support for the hypothesis that the mitral valve is an active participant in the disease 

process of both organic and functional valve disease. 

The re-creation of mitral regurgitation in vitro is a useful method to evaluate the 

effect of altered tension on mitral valve leaflet remodeling, so long as the results are 

considered within the appropriate context. For example, RUFLS cannot replicate the 

systemic physiologic response to the disease geometries that were imposed on healthy 

mitral valves to create our models. This limitation includes the lack of systemic 

cardiovascular response to reduce the imposed regurgitation and alterations in blood 

pressure that would result. Physiological responses would also include cellular or healing 

responses that would initiate from sources outside the valve in response to the disease 

state. However, although this system lacks physiologic response that would be observed 

clinically or in an animal model, it does allow for the control of the hemodynamic 

environment that would not be possible in a physiologically responsive system. This 

control allows for direct conclusions on how disease hemodynamics affects living valve 

tissues. Another limitation of this study is the use of a flat annulus during culture. The 

native annulus is saddle shaped, and this shape has been shown to have an impact on 
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valve function throughout the cardiac cycle (171,174). Additionally, while porcine valves 

provide the closest animal model of human mitral valves, slight anatomical differences 

could affect the translation of these findings to human disease. 

By exploring the impact of mechanical forces on remodeling in two distinct 

disease conditions, our in vitro systems provide an experimental paradigm for the further 

investigation of MVP and FMR remodeling and ways to reverse it. The highly controlled 

and modular nature of valve models and our ability to perform functional imaging of the 

valve constructs will allow us to explore the independent effects of additional geometric, 

hemodynamic, or pharmacological alterations to control, MVP, and FMR valves in a 

timely fashion without the confounding impacts of systemic physiological responses. 

While clinical and animal studies remain invaluable resources for disease investigation, 

the establishment of in vitro disease conditioning provides a highly controlled mechanism 

for investigating disease progression and potentially reversal. 
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Chapter 6 

Eliminating mitral valve regurgitation 
reverses fibrotic remodeling of FMR 

conditioned valves* 

6.1. Introduction 

Having established that valves cultured in conditions resembling those of 

functional mitral regurgitation (FMR) in an in vitro flow loop results in fibrotic 

remodeling, we explored whether that remodeling was reversible using mechanical 

conditioning (225). As demonstrated by the large differences in material properties and 

composition seen in both our FMR-conditioned and mitral valve prolapse-conditioned 

valve tissues over the one week time frame, valve tissues are highly sensitive to altered, 

                                                
* This chapter is planned for submission as: Connell PS, Vekilov DP, Kim SE, Little SH, 
Grande-Allen KJ. Eliminating mitral valve regurgitation reverses fibrotic remodeling of 
FMR conditioned valves.  
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physiologically-relevant hemodynamics. We hypothesized that these changes were the 

result of the valve interstitial cells (VICs) responding to the mechanical environment, 

resulting in altered extracellular matrix (ECM). This was supported by a changing ECM 

composition of valves after the one-week timeframe, as well as increased concentrations 

of ECM-altering enzymes produced by VICs. Furthermore, we hypothesized that this 

VIC response was dynamic, and the VICs would further modify the profile of ECM-

altering enzymes they produced if the hemodynamic environment changed, resulting in a 

different ECM composition. This hypothesis is supported by findings in other cardiac 

tissues that suggest that removing pathologic mechanical conditions leads to reverse 

remodeling (226,227). To test this hypothesis we created a reversal condition in which 

intact porcine mitral valves were cultured for one week in FMR conditions, followed by 

one week in normal (control-level) regurgitation. 

A variety of new and experimental treatments already try to take advantage of this 

as-of-yet unproven principle. These treatments propose that by returning the mitral valve 

to its normal hemodynamic environment by both eliminating regurgitation and returning 

normal geometry, an optimal repair will be obtained and the long-term success of the 

repair will improve. One of these newer treatments is plication of the left ventricular wall 

for cases involving ischemic events. This procedure involves repositioning of papillary 

muscles (PMs) by reshaping the left ventricle through surgical tethering using suture after 

ischemic FMR. This technique serves the dual purpose of reducing bulging in the 

infarcted area and helping preserve correct left ventricular and PM geometry. In a study 

performed in sheep, this technique reduced mitral regurgitation (MR) 2 months post-

surgery. No valve characterization was performed during this study, however (228,229).  
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A device that takes a similar approach is the Coapsys device. The Coapsys device 

is comprised of two epicardial pads, an anterior and posterior pad, connected by a 

subvalvular chord. When the chord is tightened, the pads move closer together, reshaping 

the left ventricle. During treatment, the cord is tightened until the presence of MR as 

visualized by echocardiography is minimized. In a study performed in dogs, mean MR 

grade decreased from 2.9 ± 0.7 to 0.7 ± 0.8 after Coapsys device placement, and the 

decrease was maintained at a grade of 0.8 ± 0.8 up to 8 weeks post-treatment. In addition, 

the Coapsys device appeared to treat the underlying cause of FMR, as annular dilatation 

was decreased and PM displacement was improved after treatment as observed by 

echocardiography (230).  

Our reversal condition will mimic those strategies that attempt to fix the 

underlying pathology of FMR by restoring papillary muscles to their normal position and 

reducing annulus size. These devices and techniques have shown promise in animal 

and/or preliminary clinical studies. However, the effectiveness of these techniques has 

never been fully characterized at the tissue level. Investigating the remodeling, or reversal 

of remodeling, that takes place in a model that fully eliminates the pathologic mechanics 

of FMR could provide insight into the potential effectiveness of these techniques and 

how their attempt to treat the underlying causes of FMR could positively impact the field. 
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6.2. Materials and Methods 

6.2.1. Organ culture system 

The system used throughout the work presented in this chapter had no significant 

changes from the system described in chapters 4 and 5.  

6.2.2. Creation of experimental culture conditions 

For the purposes of papillary muscle positioning it was assumed the papillary 

muscles were positioned directly below the commissures along the anterior-posterior 

axis. The annular size of the mitral valve was then determined using a Duran AnCore 

annuloplasty ring sizing kit (Medtronic, Minneapolis, MN). These measurements were 

considered the neutral position of the valve apparatus and were replicated for control 

models.  

To create the high-tension tissues associated with FMR, harvested valves were 

first sewn onto annular rings approximately 65% larger by area than control annuli. This 

greater area included a 10% greater commissure-to-commissure dimension and a 50% 

greater anterior-posterior annular measurement. The harvested valves were then placed in 

the neutral position and papillary muscles were displaced 5 mm apically, away from the 

valve annulus, and 5 mm laterally, creating the high-tension tethering of FMR. 

To create the reversal condition, valves were cultured in the FMR condition for 

one-week. After one week of culture, the system was paused and placed in a sterile 

culture hood. The flow loop was then opened and the valve was removed. The FMR-style 

annular ring was removed and an undersized control annular ring (one size smaller than 
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original annulus measurements) was sutured onto the valve annulus. The valve was then 

placed back into the mitral valve holder, with the papillary muscles positioned to bring 

regurgitation down to control levels (less than 350 mL/min). This was accomplished by 

using the previously obtained papillary muscle distances from the native heart as a guide. 

The muscle distance was then adjusted until all chordae were slightly taut by visual 

inspection. The mitral valve holder was then replaced within RUFLS and the system was 

turned on. If the resulting regurgitation was not at or below control levels, the mitral 

valve holder was once again removed in the sterile culture hood and the papillary muscle 

distance was manipulated until control regurgitation levels were obtained. The reversal 

condition valves were then cultured for an additional week in this configuration. 

Alterations in valve geometry for FMR and reversal conditions can be observed in 

Figure 24.  
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Figure 24: Reversal Condition Creation.  
(A, D) Control model created by placing valve in neutral position. FMR condition 
created by (B) apical and (E) lateral displacement of papillary muscles from the 

neutral position (dashed line), as well as (E) 65% greater annular area compared to 
(E) control annulus. (C, F) Reversal model was created by reducing annulus to one 

size smaller than original annular size and moving the papillary muscles basally and 
medially to eliminate regugitation. FMR = functional mitral regurgitation. 

All models were cultured in RUFLS for a total of two weeks and monitored for 

regurgitant flow and cardiac output using an ultrasonic meter (Transonic Systems, Ithaca, 

NY). All valves were then sectioned with leaflets divided into radial and circumferential 

direction sections as shown in Figure 25. Radial sections resulted in anterior radial and 

posterior radial leaflet segments for use in mechanical and histological studies. 

Circumferential sections resulted in anterior clear zone, anterior rough zone, and 

posterior circumferential sections for use in mechanical and PCR testing. Chordae were 

collected and categorized as anterior basal, anterior marginal, posterior basal, and 

posterior marginal for use in mechanical, histological, and PCR testing. 
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Figure 25: Valve Sections.  
Tissues were mechanically tested in radial and circumferential directions and the 

anterior leaflet was divided into clear and rough zones corresponding to the absence 
or presence of chordae tendineae. Tissues not used for mechanical testing were split 

between histology sections and PCR analysis. 

6.2.3. Histological staining and immunohistochemistry 

Radial sections reserved for histology or immunohistochemistry were formalin-

fixed, paraffin embedded, and sectioned into 5 #m thick sections. Tissue sections from 

each condition were then stained according to previously described methods using a 

Herovici stain, used to differentiate between young collagen, stained blue, and mature 

collagen, stained red (212). Picrosirius red staining was used to assess collagen alignment 

according to the color observed under polarized light with more aligned collagen 

producing longer wavelengths (i.e. red) of birefringence (213,214). 

The anterior leaflet clear zone, anterior leaflet rough zone, and posterior mid-

leaflet regions were imaged using a Leica DMLS upright light microscope (Buffalo 

Grove, IL). Herovici staining was imaged using white light, while picrosirius red stain 

images were conducted under both white light and polarized light in order to capture the 

birefringence of the constitutive collagen fibers (213,214). For Herovici and picrosirius 

red birefringence analysis, Image J software (NIH, Bethesda, MD) was used to first split 
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images into their hue, saturation, and brightness components and then quantify the 

amount of red hue present as a percentage of total tissue area as described previously (n = 

6) (217).  

6.2.4. Materials testing 

Mechanical analysis was performed as described previously.(199) Anterior clear 

zone, anterior rough zone, anterior radial, posterior circumferential, and posterior radial 

leaflet segments (each n = 6) and anterior basal, anterior marginal, posterior basal, and 

posterior marginal chordae (each n = 6) were tested with a pre-determined uniaxial 

tensile testing protocol using an EnduraTEC ELF 3220 (Bose, Eden Prairie, MN). 

In brief, thickness, width, and gauge length of the tissue were measured prior to 

testing. Testing was conducted in a 37˚C phosphate buffer saline. Tissue was 

preconditioned using ten load-unload triangle waves. A simple ramp load was then 

applied and held for 60 seconds to measure stress relaxation. This evaluation was 

followed by a ramp unload, 10 second rest period, five preconditioning cycles and a 

simple load-unload triangle wave to observe tissue hysteresis. The tissue segment was 

then stretched to failure. Any sections that failed prior to completion of the entire 

protocol were not included in the analysis. 

Mechanical testing data was then converted from load and displacement to stress-

strain curves for analysis conducted using MATLAB software (MathWorks, Natick, 

MA). Gauge length for each test was determined according to protocols developed from 

previously described methods (219). Stress relaxation data was fit to a bi-phasic decay 

model and the fast and slow time constants were calculated. Hysteresis percentage was 
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calculated by dividing the area between the loading and unloading curve by the total area 

under the loading curve. Elastic modulus was calculated from the slope of the second 

linear region of the bilinear stress-strain curve, extensibility was calculated as the x-

intercept of the line defined by the elastic modulus, and the ultimate stress and strain 

were defined as the stress and strain values at the maximum stress obtained throughout 

failure tensile testing. 

6.2.5. Biochemical Analysis 

Biochemical analysis was conducted as previously described (199). Anterior clear 

zone, anterior rough zone, and posterior leaflet sections (n = 7 to 8) were weighed before 

and after lyophilization to determine hydration of tissues. After digestion in pepsin 

(Sigma-Aldrich, St. Louis, MO), samples were tested for collagen content using the 

Sircol Assay (Biocolor, Carrickfergus, United Kingdom). After digestion in both pepsin 

and Proteinase K (Calbiochem, Darmstadt, Germany), samples were tested for GAG 

content using the Blyscan Assay (Biocolor, Carrickfergus, United Kingdom). 

Colorimetric data was analyzed using a Spectramax M2 (Molecular Devices, Sunnyvale, 

CA) and compared to standard curves prepared using known quantities of rat-tail 

collagen or glucuronic acid for the Sircol or Blysacn assay, respectively. All values were 

normalized to dry weight of the tissue sample. 

6.2.6. Statistical analysis 

Statistical analysis was performed using R Studio software (Version 0.98.953). 

Data are expressed as mean ± standard error or as percent difference of the means. 

Graphs are expressed as boxplots with outliers being defined by the 1.5 interquartile 
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range rule. Unless otherwise stated, two-way ANOVA with post hoc Tukey Honestly 

Significant Difference test was performed to determine differences across condition 

groups (control vs. FMR vs reversal) and tissue sections (i.e. anterior rough vs. anterior 

clear). Power analysis was performed to ensure appropriate sample size for all groups (1-

" = 0.8). Results were considered significant at p < 0.05.  

6.3. Results 

6.3.1. Region specific material properties of leaflets 

The region-specific material properties of leaflets of our three experimental 

conditions are shown in Table 3. 

Table 3: Material Properties of Leaflets 

Model Tissue Elastic Modulus (MPa) Ultimate Stress (MPa) 

Control Anterior Clear 
Anterior Rough 
Posterior Circumferential 
Anterior Radial 
Posterior Radial 

4.2 ± 0.7 
3.1 ± 0.4 
2.9 ± 0.7 
5.1 ± 0.4 
3.6 ± 0.7 

0.62 ± 0.12 
0.44 ± 0.02 
0.34 ± 0.05 
0.63 ± 0.07 
0.50 ± 0.11 

FMR Anterior Clear 
Anterior Rough 
Posterior Circumferential 
Anterior Radial 
Posterior Radial 

9.3 ± 3.6 
6.4 ± 1.1 
5.5 ± 1.7 
5.6 ± 0.6 
6.6 ± 1.2 

1.01 ± 0.25 
0.73 ± 0.08 
0.77 ± 0.11 
0.74 ± 0.10 
0.74 ± 0.10 

Reversal Anterior Clear 
Anterior Rough 
Posterior Circumferential 
Anterior Radial 
Posterior Radial 

11.8 ± 3.5 
6.6 ± 1.2 
3.6 ± 0.8 
4.2 ± 0.4 
2.9 ± 0.7 

1.45 ± 0.45 
0.87 ± 0.15 
0.62 ± 0.12 
0.68 ± 0.07 
0.38 ± 0.05 

6.3.2. FMR tissues are stiffer, stronger than control tissues 

Across all leaflet sections, FMR tissues had a higher elastic modulus (FMR: 6.7 ± 

0.8 MPa, control: 3.8 ± 0.3 MPa; p = 0.002) and higher ultimate stress; (FMR: 0.80 ± 
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0.06, control: 0.51 ± 0.04; p = 0.0002) than control tissues. In addition, FMR chordae had 

a larger elastic modulus (FMR: 108 ± 12 MPa, control: 62 ± 8.2 MPa; p = 0.005) and 

ultimate stress (FMR: 7.9 ± 1.0 MPa, control: 5.0 ± 0.77 MPa; p = 0.04) than controls. 

Results are visualized in Figure 26. 

 

Figure 26: FMR condition tissues are stiffer, stronger than controls.  
(A) FMR leaflet tissues have a higher elastic modulus and (B) a larger ultimate 

stress than control leaflet tissues. (C) FMR chordae have a higher elastic modulus 
and (D) a larger ultimate stress than control chordae. n = 6. ANOVA with post hoc 

Tukey’s HSD test used for significance. * = p < 0.05; ** = p < 0.01. FMR = 
functional mitral regurgitation. 
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6.3.3. Anterior and posterior leaflet section material properties. 

Amongst anterior leaflet sections, reversal condition tissues were most similar to 

FMR tissues in terms of both elastic modulus (FMR: 7.1 ± 1.3 MPa, reversal: 7.5 ± 1.4 

MPa; p = 0.95) and ultimate stress (FMR: 0.82 ± .09 MPa, reversal: 1.00 ± 0.17 MPa, p = 

0.49). Both FMR and reversal condition anterior leaflet sections had a trend of having a 

higher elastic modulus than controls (control: 4.1 ± 0.4 MPa), while reversal anterior 

sections had a higher ultimate stress than controls (control: 0.56 ± 0.05). 

Alternatively, amongst posterior leaflet sections, reversal condition tissues were 

most similar to control tissues for both elastic modulus (control: 3.25 ± 0.48 MPa, 

reversal: 3.25 ± 0.51; p = 1.00) and ultimate stress (control: 0.42 ± 0.06 MPa, reversal: 

0.50 ± 0.07; p = 0.69). Both control and reversal had significantly lower elastic modulus 

(FMR: 6.09 ± 0.99 MPa) and ultimate stress (FMR: 0.75 ± 0.07 MPa) than FMR 

posterior leaflet tissues.  Data are visualized in Figure 27. 
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Figure 27: Anterior and posterior leaflet section material properties.  
FMR and reversal anterior leaflets have (A) higher elastic modulus (p = 0.09, p = 

0.06 respectively). (B) Reversal anterior leaflet sections have higher ultimate stress 
than controls. Controls and reversal posterior leaflets have (C) higher elastic 

modulus and (D) ultimate stress than FMR tissues. n = 6. ANOVA with post hoc 
Tukey’s HSD test used for significance. ^ = 0.1 > p > 0.05; * = p < 0.05; ** = p < 

0.01. FMR = functional mitral regurgitation. 
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Reversal circumferential leaflet sections were most similar to FMR tissues, both 

in terms of elastic modulus (FMR: 7.1 ± 1.3 MPa, control: 7.3 ± 1.5 MPa, p = 0.99) and 

ultimate stress (FMR: 0.83 ± 0.09 MPa, reversal: 0.98 ± 0.18 MPa; p = 0.61). Both FMR 

and reversal circumferential tissues had a significantly higher elastic modulus (control: 

3.4 ± 0.37 MPa) and ultimate stress (control: 0.47 ± 0.05 MPa) than controls. 

Reversal radial leaflet sections, however, were most similar to control tissues in 

elastic modulus (control: 4.35 ± 0.42 MPa, reversal: 3.57 ± 0.45; p = 0.57) and ultimate 

stress (control: 0.57 ± 0.06, reversal: 0.53 ± 0.06; p = 0.92). Reversal radial leaflets had a 

significantly lower elastic modulus than FMR (6.09 ± 0.66 MPa), while control radial 

leaflets had a trend of lower elastic modulus than FMR. Reversal radial leaflets also had a 

trend of lower ultimate stress than FMR (0.74 ± 0.07). Circumferential and radial leaflet 

data is visualized in Figure 28. 
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Figure 28: Circumferential and radial leaflet section material properties. 
FMR and reversal circumferential leaflet sections have a (A) higher elastic modulus 

and (B) ultimate stress than controls. Control and reversal radial leaflet sections 
have a (C) smaller elastic modulus (Control vs FMR: p = 0.06). Reversal radial 

leaflet sections have a lower ultimate stress than FMR (p = 0.07). n = 6. ANOVA 
with post hoc Tukey’s HSD test used for significance. ^ = 0.1 > p > 0.05; * = p < 

0.05; ** = p < 0.01. FMR = functional mitral regurgitation. 
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6.3.4. Reversal chordae tendineae similar to controls. 

Chordae tendineae cultured in the reversal condition were most similar to control 

chordae tendineae in elastic modulus (control: 62 ± 8.2 MPa, reversal: 73 ± 11 MPa; p = 

0.75) and ultimate stress (control: 5.0 ± 0.77 MPa, reversal: 4.7 ± 0.76 MPa; p = 0.98). 

Reversal chordae had a trend of a lower elastic modulus than FMR chordae (108 ± 12 

MPa; p = 0.051) and had a significantly lower ultimate stress than FMR chordae (7.9 ± 

1.0 MPa). As described previously, control chordae had a lower elastic modulus and 

ultimate stress than FMR chordae. Chordae tendineae data for all three conditions are 

shown in Figure 29. 

 

Figure 29: Choradae tendineae material properties.  
Control and reversal chordae tendineae have (A) lower elastic modulus (reversal vs 
FMR: p = 0.051) and (B) lower ultimate stress than FMR chordae tendineae. n = 6. 
ANOVA with post hoc Tukey’s HSD test used for significance. ^ = 0.1 > p > 0.05; * 

= p < 0.05; ** = p < 0.01. FMR = functional mitral regurgitation. 
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6.4. Discussion 

6.4.1. FMR conditioned valves undergo fibrotic remodeling   

After two weeks of culture in FMR hemodynamic conditions, porcine mitral 

valves were stiffer and stronger than controls. This result is consistent with the fibrotic 

remodeling phenotype found in our previous one-week studies.  In fact, our two-week 

cultures show a progression of the fibrotic remodeling beyond what was seen at the one-

week time point (refer to chapter 5). The overall leaflet stiffness increased 48% and 

chordae tendineae stiffness increased 6.3% (non-significant) in one-week FMR compared 

to controls while leaflet stiffness increased 76% and chordae stiffness increased 74% 

across the two-week FMR tissues compared to two-week controls. Additionally, ultimate 

stress progressed from a 9.3% non-significant increase in leaflets and a 4.2% non-

significant increase in chordae at one-week to a 57% increase in leaflets and a 58% 

increase in chordae at two weeks in the FMR tissues compared to controls. These 

findings provide support for the continued progression of fibrotic remodeling within the 

FMR condition, even given the considerable remodeling seen at only one week of 

culture. 

6.4.2. Reversal condition hemodynamics reversed some but not all mechanical 

signs of fibrotic remodeling 

Currently, the most widely used clinical treatments for functional mitral 

regurgitation focus on the reduction of regurgitation independent of concerns for the 

resulting forces placed on valve tissues.  Whether through annuloplasy (231), Mitraclip 
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(232), or chordal transection (233), the goal is to reduce regurgitation and relieve the 

hemodynamic load from the cardiovascular system. This goal is obviously paramount, as 

the clinical outcome of the patient is severely impacted by the presence of regurgitation 

(2). However, after the discovery that there is an organic component to functional mitral 

valve regurgitation in the form of fibrotic remodeling (4), various experimental 

treatments and devices began to emerge with the goal of not only eliminating 

regurgitation but also restoring the mitral valve to its original geometry. The rationale 

was that if the valve were placed into its original orientation, the remodeling of the valve 

would halt and the valve would function properly, leading to a longer lasting repair. 

These treatments and devices, such as plication (229), the Coapsys device (230), and the 

Mitral Touch device (234), aim to return the papillary muscles of the mitral valves back 

to their non-displaced positions, sometimes in combination with a valve annuloplasty.  

The goal of our reversal condition was to represent an ideal repair of this form. By 

placing the valve annulus in an undersized ring, reminiscent of an undersized 

annuloplasty, and placing the papillary muscles in a native, non-regurgitant position, we 

placed the fibrotically remodeled valve in a hemodynamic situation that replicated 

control conditions as closely as possible. The resulting changes in valve mechanics and 

composition could then inform whether this style of repair, even ideally applied, could 

feasibly impact valve remodeling or if fibrotic remodeling was a phenotype that could not 

be reversed through mechanical stimulation alone. 

Our results show that FMR condition-induced fibrotic remodeling is, in fact, a 

dynamic phenotype, one that will respond to changes in mechanical environment, at least 

at this early time point.  Reversal conditioned tissues in posterior leaflet sections, radial 
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leaflet sections, and chordae tendineae were more similar to control tissues than the 

disease model tissues both in terms of their elastic modulus and ultimate stress. This 

gives firm evidence that within these tissue sections the mechanical effects of fibrotic 

remodeling are mitigated from what is seen progressing in our two-week FMR condition.  

However, reversal-conditioned leaflet sections in the anterior leaflet and in the 

circumferential direction are most similar to FMR tissues and are significantly stiffer and 

stronger than controls. These conflicting results would imply that while some mitigation 

of the fibrotic remodeling has taken place, mechanical changes within the reversal 

condition leaflets are not universal.  

One interesting observation is that the reversal tissues that most closely resemble 

controls are those most altered in FMR in terms of geometry or applied force. The largest 

altered tension of FMR occurs in the radial direction and results from the lateral and 

apical displacement of the papillary muscle. This tension is so high that it results in 

leaflet tenting, resulting in regurgitation. This tension is experieneced both through radial 

leaflet segments, and chordae tendineae. In addition, this high tension is more pathologic 

for the posterior leaflet, which normally experiences low tension and is compressively 

strong, than the anterior leaflet, whose clear region experiences tension in normal healthy 

valve motion and has a rich collagen region under healthy circumstances.  In terms of 

changes the valve undergoes in terms of annular dilation clinically, the area of mitral 

valve anterior leaflet is minimally disturb or dilated as a result of the types of left 

ventricular dysfunction that results in FMR. We therefore chose in our FMR condition to 

replicate this clinical phenomenon and did not have significant dilation of the valve in 

this area. Therefore, the posterior leaflet is experiencing the majority of the dilation that 
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occurs as a result of our FMR condition. These findings suggest that valve tissues are 

particularly sensitive to forces in these areas, causing valve interstitial cells to rapidly 

change valve phenotype in response to the changing mechanical environment. In the 

leaflets, those regions that undergo reverse remodeling are those that have a more GAG-

rich ECM, whereas those that do not are more collagen rich. This pre-existing ECM 

architecture could play a role in the cell phenotypic response, either due to a lack of 

protection from high stress conditions, or due to an interaction with the cell directly that 

affects the cell phenotypic response to increased tension. The exact mechanism for the 

reverse remodeling seen in this model is a rich avenue for future investigation, as it could 

reveal mechanisms to induce such behavior in clinical pathologies. 
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Chapter 7 

Conclusions and Future Directions 

7.1. Conclusions and impact 

This thesis has presented the redesign and use of a flow loop bioreactor system to 

explore the tissue response to pathologic mechanical stimuli in the form of mitral 

regurgitation in a physiologically relevant system. First, it detailed the improvements to 

an existing flow loop bioreactor for the purposes of controlling the three dimensional 

hemodynamic environment of intact mitral valve in an in vitro culture system, RUFLS. It 

then showed how this improved system was used to mimic the hemodynamic alterations 

that occur in two distinct etiologies of mitral regurgitation, organic mitral regurgitation in 

the form of mitral valve prolapse and functional mitral regurgitation. When previously 

healthy mitral valves were placed in the mechanical environment of mitral valve 

prolapse, those tissues experiences myxomatous remodeling, and those placed in a 

functional mitral regurgitation environment experienced fibrotic remodeling. Finally, 
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using this system, it was shown that the fibrotic remodeling of functional mitral 

regurgitation is partially reversed by placing the valve in control-like hemodynamics with 

low regurgitation. 

The first major impact of this work on the field of valve biology is to establish a 

mechanical component for the remodeling that takes place within the valve during mitral 

regurgitation. While previous in vitro studies had established that valve interstitial cells 

change their extracellular matrix production in response to changing mechanical stimuli, 

and various animal models showed remodeling changes that resulted from procedures 

designed to induce regurgitation, this was the first time the pathophysiologic 

hemodynamics of mitral regurgitation was placed upon valve tissues directly and the 

resulting changes in valve phenotype recorded. That the hemodynamics of mitral valve 

prolapse and functional mitral regurgitation would induce clinically-associated 

remodeling phenotypes suggests that the mechanics of regurgitant flow is contributing to 

the pathology of the valve. The finding that the remodeling induced would also result in 

valve mechanical properties that would increase the severity of regurgitation speaks to 

the role for the hemodynamics in the insidious nature of the progression of mitral 

regurgitation. 

The second major impact of this work is to establish an experimental paradigm 

through which the pathology of mitral regurgitation can be studied. By supplying a 

modular system capable of producing porcine mitral valves whose properties mimic those 

of clinically diseased valve tissues at a rate of three per week, the ability to study valve 

disease and its progression has been increased. While our system will never reach the 

complexity of an animal model or clinical study, the relative ease and lack of expense in 
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creating disease-mimicking tissues provides a tangible benefit to the field of valve 

biology. By supplying a source of pathologically condition tissue, this system could allow 

for preliminary experiments or in depth studies that are either not yet established enough 

to justify the use of an animal model or require an amount of tissue that would make 

animal models or clinical samples an untenable option.  

7.2. Future directions 

This bioreactor system opens up multiple avenues of future investigation that 

could expand the current knowledge of mitral valve biology and disease.  The first 

avenue of further investigation could include an in depth analysis of the extracellular 

matrix and molecular changes that occur as a result of our reversal condition model. An 

additional investigatory pathway would be to impose control hemodynamics in a similar 

reversal condition to myxomatous valves that had been previously conditioned in mitral 

valve prolapse conditions, and explore the remodeling that results. 

An as of yet understudied realm of valve biology is the mechanobiological 

molecular pathways that are involved at a cellular level in the process of changing valve 

cell phenotype and extracellular matrix production in the context of the remodeling 

observed throughout this thesis. A more in-depth, molecular biology approach on valves 

cultured in disease conditions within our system could elucidate, in a precisely controlled 

but still physiologically relevant manner, the way in which cells respond to changing 

mechanics. Such studies could not only be highly informative and provide new insight 

into the progression and development of mitral valve disease but could also identify 

potential drug targets that could be used to halt, prevent, or reverse aberrant remodeling. 
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Appendix A: The tensile and viscoelastic 
properties of aortic valve leaflets treated 

with a hyaluronidase gradient 

For this publication, I conducted mechanical testing of samples as well as 

contributed original mechanical testing analysis code for the interpretation of the 

materials testing results. I also wrote select portions of the manuscript pertaining to these 

contributions. In addition, I aided in editing the final manuscript for content and 

language. Included is a copy of the manuscript for reference. 
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Abstract—When diseased, aortic valves are typically replaced
with bioprosthetic heart valves (BPHVs), either porcine valves
or bovine pericardium that are fixed in glutaraldehyde. These
replacements fail within 10–15 years due to calcification and
fatigue, and their failure coincides with a loss of glycosamino-
glycans (GAGs). This study investigates this relationship
between GAG concentration and the tensile and viscoelastic
properties of aortic valve leaflets. Aortic valve leaflets were
dissected from porcine hearts and digested in hyaluronidase in
concentrations ranging from 0 to 5 U/mL for 0–24 h, yielding a
spectrum of GAG concentrations that was measured using the
uronic acid assay and confirmed by Alcian Blue staining.
Digested leaflets with varying GAG concentrations were then
tested in tension in the circumferential and radial directionswith
varying strain rate, as well as in stress relaxation. The GAG
concentration of the leaflets was successfully reduced using
hyaluronidase, althoughwater content was not affected. Elastic
modulus, the maximum stress, and hysteresis significantly
increased with decreasing GAG concentration. Extensibility
and the radius of transition curvature did not changewithGAG
concentration. The stress relaxation behavior and strain-rate
independent nature of the leaflet did not change with GAG
concentration. These results suggest that GAGs in the spong-
iosa lubricate tissue motion and reduce stresses experienced by
the leaflet. This study forms the basis for predictive models of
BPHVmechanics based onGAGconcentration, and guides the
rational design of future heart valve replacements.

Keywords—Aortic valve, Glycosaminoglycans, Hyaluronidase,

Mechanical testing, Stress relaxation, Viscoelasticity.

INTRODUCTION

The aortic valve (AV) is located at the junction of
the left ventricle and aorta, and serves to maintain

unidirectional blood flow out of the heart and into the
systemic circulation. The valve consists of three leaflets,
which flex and stretch during diastole to withstand the
backflow of blood into the left ventricle.25When the valve
fails, a common replacement is a bioprosthetic heart valve
(BPHV), usually a porcine valve or bovine pericardium,
that is fixedwith glutaraldehyde to improve tissue stability
and reduce tissue antigenicity.15,27 These replacements
commonly fail within ~15 years due to calcification and
fatigue.15,27,36,47

Studies of explanted BPHVs have demonstrated that
the failure of these replacements coincides with the loss of
glycosaminoglycans (GAGs), linear polysaccharide
chains of repeating disaccharide units that are commonly
attached to proteoglycans (PGs).11,14,38,39 In particular,
there is a significant loss of the GAGs chondroitin-
6-sulfate (C6S) and hyaluronan (HA),14 as a result of
both the fixation process,11,38 and enzymatic digestion.39

These findings indicate that there is a correlation between
the loss of GAGs and BPHV failure. The removal of
GAGs from porcine leaflets through digestion with
hyaluronidase (HAse) and chondroitinase ABC (Cse-ABC),
however, did not significantly increase calcium content in
AV leaflets.19 Thus, it can be inferred that themechanism
through which GAG loss leads to valve failure is
mechanical rather than biochemical.

Therefore, this study investigated the role ofGAGs on
the material properties of the AV leaflet through HAse
treatment. The material properties that the aortic valve
leaflet natively possesses are very unique. The leaflet has
been classified as ‘‘quasi-elastic,’’ in that it is neither
purely elastic or viscoelastic, but has characteristics from
each classification that suit its functional needs.40 Similar
to other biological tissues, the leaflet exhibits a bilinear
stress–strain curve in response to tensile loading, a result
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of crimped collagen fibers that extend in the ‘‘toe’’ and
transition regions before bearing significant load in the
stiffer linear region.26,45 The leaflet is also anisotropic, as
it is three times stiffer in the circumferential direction than
in the radial direction, due to the circumferential orien-
tation of collagen fibers.18,26,34,48 The leaflet also: has low
hysteresis, allowing the leaflet to retract fully during sys-
tole; behaves in a strain-rate-independent stress–strain
manner so the valve can close regardless of heart rate;
and undergoes stress relaxation due to realignment of
collagen fibers towards the directions of stress.18,34,40

Together, these material properties allow the aortic valve
to function competently for multiple cycles over a long
period of time.

GAGs exist throughout the AV leaflet but are
primarily located in the spongiosa, the middle of three
layers in the aortic valve, either in the form of HA
or chondroitin (CS) and dermatan sulfates (DS)
attached to the proteoglycan (PG) versican.41 The
spongiosa is believed to dampen vibrations from
closing, confer flexibility to the leaflet, and lubricate
shear between the outer layers, all functions which are
derived from the ability of GAGs to retain water.35

Removing GAGs from the leaflet has been shown to
increase flexural stiffness, possibly due to a lack of
lubrication between the outer layers, which creates
friction as the layers shear against each other.19 This
interpretation is supported by the fact that dehy-
drated and glutaraldehyde-fixed leaflets are stiffer in
planar shear.43,44 In addition, HA exhibits shear
thinning, as its viscosity decreases with increasing
shear rate, which possibly explains the leaflet’s func-
tion independent of strain rate.8 Taken together,
GAGs would appear to reduce leaflet stiffness and
lubricate shear to make the leaflet elastic, and func-
tionally independent of strain rate.

This study builds upon previous research to provide
more in-depth information about the role of GAGs in
aortic valve leaflet mechanics, specifically with regards
to the tensile and viscoelastic behavior of the leaflet.
GAGs were enzymatically removed from the leaflet by
treatment with successively increasing concentrations
of HAse to yield a spectrum of GAG concentrations.
Digested leaflets containing di!erent GAG concentra-
tions were then tested in tension at di!erent strain
rates, as well as in stress relaxation.

MATERIALS AND METHODS

Tissue Harvest

Fresh porcine hearts were obtained from a local
commercial abattoir (Fisher Ham and Meats, Spring,
TX) within 6 h of death. Aortic valve leaflets
were dissected from the heart, rinsed and stored in

phosphate bu!ered saline (PBS, pH ~7.4) at 4 !C
until use the next day.

GAG Digestion

GAGs were digested from aortic valve leaflets using
bovine testicular HAse (Worthington Biochemical,
Lakewood, NJ) in PBS, which has specificity for HA
and CS.21 Whole aortic valve leaflets were digested
with varying concentrations of HAse between 0 and
10 U/mL and varying times between 0 and 24 h in a
shaking incubator (200 rpm) at 37 !C. The wet weights
(WW) of the leaflets were taken before and after
digestion to measure weight loss as a result of HAse
digestion. In a parallel study, 5 mm circumferen-
tial 9 5 mm radial squares were cut from the belly of
leaflets and similarly digested with HAse, after which
the dimensions were measured again to assess the effect
of HAse digestion on specimen size.

The uronic acid assay was used to quantify the
amount of GAGs remaining in the leaflets after HAse
digestion (n = 5).4 After digestion and weighing, the
leaflets were frozen and lyophilized overnight. The dry
weight (DW) of the leaflet was measured, and water
content was measured by normalizing the change in
weight from drying to the WW after digestion. The dry
tissue was rehydrated in 100 mM ammonium acetate
(pH ~7.0), minced, then digested in 100 lL proteinase-
K solution (10 mg/mL in ddI H2O, Calbiochem, La
Jolla, CA) for 16 h at 60 !C. The enzyme solution was
then inactivated by heating for 30 min at 70 !C. The
digested solution was then centrifuged at 5000 rpm for
3 min, after which sample volumes of 100 lL were
taken from the supernatant. Cold sulfuric acid tetra-
borate was added to the samples and heated to 100 !C
for 5 min. After cooling to room temperature, 10 lL
of hydroxyphenyl reagent (0.15% m-phenylphenol in
0.5% NaOH, Sigma-Aldrich, St. Louis, MO) were
added to each sample. The samples were read for
absorbance on a spectrophotometer (SpectraMax M2,
Molecular Devices, Sunnyvale, CA) at 532 nm with
background subtraction at 750 nm. Raw absorbance
data was compared to glucuronic acid standards (Sig-
ma-Aldrich) to calculate the total amount of GAGs.

Histology

The removal of GAGs from the spongiosa was
confirmed by histology. HAse treated leaflets were
fixed overnight in 10% formalin, then dehydrated,
embedded in para"n, and sectioned according to
standard procedures. Sections were stained with Alcian
Blue (1% in 3% acetic acid, Sigma-Aldrich) for 5 min,
washed, then dipped in alkaline alcohol (10% ammo-
nium hydroxide in 95% ethanol) for 2 min at 80 !C to
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render the stain insoluble.5,19 After 20 min of washing
under running water, the sections were then counter-
stained using Nuclear Fast Red (0.1% in dI H2O,
Sigma-Aldrich) for 5 min. The slides were then dehy-
drated and coverslipped. Images of the sections were
taken on an upright microscope (DM LS2, Leica
Microsystems, Wetzlar, Germany) using a charge
coupled device camera (DFC 320, Leica).

Tensile Testing

Mechanical testing of leaflets was performed on a
uniaxial mechanical tester with a 22N load cell (ELF
3220, Bose ElectroForce, Eden Prairie, MN). All
testing was performed in a PBS bath warmed to 37 !C.
The leaflets were cut into 5 mm wide strips in either the
circumferential or the radial direction. Both ends of the
strip were glued to pieces of balsa wood on one side,
where the sample was gripped with coarse sandpaper,
leaving roughly 6 mm of tissue between the two pieces
of balsa (Fig. 1). The thickness of the leaflet was
measured using a stereomicroscope (MZ6, Leica
Microsystems) at 5 places along the leaflet length
between the balsa wood pieces and averaged.

For each digestion group, samples were pulled to
50% strain at 1, 5, and 10 mm/s in both the circum-
ferential and radial directions (n = 5 per strain rate
and direction). Length and width of each sample was
measured after loading onto the mechanical tester but
prior to testing. Each sample was preconditioned
during testing using a particular regimen based on
direction and strain rate; each regimen started with

repeated stretches to 10%, then 20% and 50%, until a
final stretch to 50% strain, which was recorded
(Fig. 2). The final number of cycles needed was
determined for each strain rate before each group was
tested by finding the cycle in which the maximum load
was within 1% of the maximum load of the previous
cycle (Table 1). Data was acquired from the last
loading and unloading curves (Fig. 3).

From each load–displacement curve, several pieces
of data were derived as previously described using
MATLAB (MathWorks, Natick, MA).42 First, gage
length was calculated from the loading curve as the
local minimum of a cubic function fit to the lower
displacement region of the curve.7,42 After conversion
of load–displacement to stress–strain, the distinct
regions of the loading curve were identified. The linear
region of the curve was initially identified as the region
of 10% of total strain and the maximum r2 from a
linear least-squares fit. The linear region was then
extended and shortened point by point to identify the
curve segment with the maximum r2. The toe region

FIGURE 1. Schematic of leaflet gripping. 5 mm wide strips of
tissue were glued on one side to balsa wood, and then the
sample was gripped with sandpaper from both sides.

FIGURE 2. Preconditioning cycles for (a) tension and
(b) stress relaxation. Leaflets tested in tension were precon-
ditioned by stretching to 10, 20, and 50% based on the strain
rate. The number of cycles needed for each strain level was
determined before testing each group as the number of cycles
needed before the maximum load of one cycle was within 1%
of the maximum load of the previous cycle. Leaflets tested in
stress relaxation were preconditioned using a regimen from a
previous study.6

TABLE 1. Number of cycles to each strain during precondi-
tioning for each strain rate.

Strain rate (mm/s)

1 5 10

n10 30 30 25
n20 20 15 15
n50 15 15 15

The Tensile and Viscoelastic Properties of Aortic Valve Leaflets
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was identified in a similar manner starting from the
origin. The transition region was located between the
toe and linear regions.

From the linear region, the elastic modulus (E, MPa)
was derived as the slope of the linear fit. The maximum
stress (rmax, MPa) was also recorded. Extensibility
(mm/mm) was calculated as the x-intercept of this
fit. Hysteresis was calculated as the energy dissipated
(area between the loading and unloading curves) as a
percentage of the strain energy of loading (area
underneath the loading curve).

The radius of transition curvature (RTC) was also
calculated as a measure of the abruptness in transition
between the toe and linear regions.42 The stress–strain
curve was normalized to rmax and ultimate strain. A
hyperbola was fit to the resulting curve in a second

coordinate space, with the y-axis bisecting the linear
fits of the toe and linear regions, and their intersection
serving as the origin. The RTC was calculated as the
reciprocal of the second derivative at the minimum.

Stress Relaxation

Samples in each digestion group also underwent stress
relaxation testing in both directions (n = 5 per direction).
The preconditioning regimen was derived from a previ-
ous study on stress relaxation in aortic valve tissues.6

Samples were first stretched to 50% strain for 25 cycles at
5 mm/s, then pulled to 50% strain at 10 mm/s and
relaxed for 100 s. This relaxation cycle was repeated 7
times, with one triangle loading–unloading curve at
5 mm/s in between relaxation cycles (Fig. 2). The last
relaxation cycle was collected.

The time-load curve was converted to time-stress
and the final relaxed stress was calculated as a per-
centage of the original stress (Fig. 3). The relaxation
curve was then fit to a two-phase decay equation:

r ! r0 " A0e
#t=sfast " A1e

#t=sslow ;

where the sfast and sslow, the time constants, were
recorded.

Statistical Analysis

Statistical analysis was performed on the data using
statistical analysis software (SigmaStat, Systat Soft-
ware, San Jose, CA). One-way ANOVAs were per-
formed for analysis of GAG digestion regimens. For
tensile testing data, two-way ANOVAs were per-
formed on the data in both the circumferential and
radial direction for the e!ect of GAG concentration
and strain rate. Interactions were analyzed as well if
the e!ects of both GAG concentration and strain rate
were significant. For stress relaxation data, one-way
ANOVAs were performed. Significance was defined as
p< 0.05. If a significant effect was found, a post hoc
Tukey’s test was performed to compare between
groups (see Supplemental Tables S1–S10). All data is
presented as mean ± standard deviation.

RESULTS

GAG Digestion

Aortic valve leaflets were treated with HAse in vary-
ing amounts for various times to yield a spectrum of
GAG concentrations, as demonstrated by the uronic
acid assay. This reduction in GAGs was confirmed by
histology, where the strong staining for GAGs in
the spongiosa was progressively reduced with stronger

FIGURE 3. Representative stress–strain curves of HAse-
treated leaflets in the (a) circumferential and (b) radial direc-
tions, and (c) relaxation curves of HAse-treated leaflets in
both the circumferential and radial directions.
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FIGURE 4. Alcian Blue stains of AV leaflets (GAGs 5 blue, cell nuclei 5 red) digested in (a) 0, (b) 1, (c) 2, (d) 5 U/mL HAse for 8 h,
and (e) 10 U/mL HAse for 24 h. Note the progressive reduction in staining strength of the GAGs in the center of the leaflet. Scale
bar 5 200 lm.

FIGURE 5. (a) GAG concentrations, (b) wet weight loss, (c) water content, and (d) size change of the digested leaflet. GAG
concentrations and wet weight loss progressively decreased and increased, respectively, with increasing regimen strength, while
water content and size did not change. Data presented as mean 6 standard deviation. * indicates p< 0.05 within brackets.
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enzyme digestion regimens (Fig. 4). There was also a
significant effect of digestion regimen onWW loss, with
samples treated with HAse concentrations of 2 U/mL
and higher losing a significant amount of WW after
digestion (Fig. 5b). Total leaflet water content and
leaflet size did not significantly changebetweendigestion
regimens (Figs. 5c and 5d).

Tensile Testing

Leaflets digested inHAsewere tested at varying strain
rates (1, 5, and 10 mm/s) in both the circumferential and
radial directions to elucidate the e!ects of GAG con-
centration onE, extensibility,RTC, andhysteresis. Both
E and rmax demonstrated a significant increase in both

directions with decreasing GAG concentration, but
there was no significant effect of varying strain rate
(Fig. 6). Extensibility significantly decreased in both
directions with strain rate, but varying GAG concen-
tration did not significantly alter extensibility (Fig. 7).
BothGAG concentration and strain rate had significant
effects on hysteresis in both the circumferential and
radial direction, although there was no significant
interaction between the two effects (Fig. 6). There was
no significant effect of either GAG concentration or
strain rate on RTC (Fig. 7).1

FIGURE 6. E (a,d), rmax (b,e), and hysteresis (c,f) of HAse-treated AV leaflets in the circumferential (a–c) and radial directions (d–f)
at different strain rates. E, rmax, and hysteresis in both directions varied significantly with GAG concentration. Hysteresis also
varied with strain rate, but there was no significant interaction between strain rate and GAG concentration. Data presented as
mean 6 standard deviation. *There was a significant overall effect (p<0.05) of GAG concentration. #There was a significant overall
effect (p< 0.005) of strain rate.

1Comparisons between groups found from post hoc Tukey’s testing
is described in Supplemental Tables S1–S10.
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Stress Relaxation

Digested leaflets also underwent stress relaxation to
further characterize the e!ects of GAG concentration
on leaflet material properties. Leaflets were pulled to
50% strain at 10 mm/s and held at constant strain for
100 s. The time constants sfast and sslow from the
double exponential fit, as well as the final relaxed stress
as a percentage of original stress, were measured.
There was no significant effect of GAG concentration
on all three measures in each direction (Fig. 8).

DISCUSSION

This study investigated the role of HAse treatment
on the tensile and viscoelastic properties of aortic valve
leaflets. With decreasing GAG concentration, leaflets
became sti!er, and had greater hysteresis, in both the
circumferential and radial directions. Removing GAGs
from the leaflet did not change the strain-rate-inde-
pendent nature of the leaflet, nor did it change the
stress relaxation profile of the leaflet. The interpreta-
tion of these results is that GAG concentration in the
leaflet plays a significant role in leaflet tensile behavior,
but not viscoelasticity.

The increases in circumferential and radial E, rmax

and hysteresis as a result of HAse treatment are sup-
ported by previous results in literature. Leaflets enzy-
matically digested with HAse and Cse-ABC were
stiffer in flexure than native leaflets.19 Similarly,
dehydrated leaflets were stiffer in planar shear and
experienced increased hysteresis.44 Glutaraldehyde
fixed valves, which lose GAGs during fixation,11,38

have also been shown to be less extensible and stiffer
than the native leaflet, although this result can be
primarily attributed to cross-linking during fixa-
tion.3,17,43,46. Taken together, the results from this
study regarding E, rmax, and hysteresis support previ-
ous theories that the spongiosa serves as a lubricant of
tissue motion.35,44 The removal of GAGs from the
leaflet would then lead to increased friction during
tissue motion that translates to increased stiffness and
hysteresis. These results further validate the impor-
tance of GAGs in valve mechanics and function.

The RTCs and extensibilities of the leaflet in both
directions did not significantly change with varying
GAG concentration. A possible explanation for this
phenomenon is that these properties are more related
to the structure of the collagen fiber network, which is
oriented circumferentially and located in the outflow
layer of the aortic valve, the fibrosa.33,41 As the HAse

FIGURE 7. Extensibilities (a, c) and RTCs (b, d) of HAse-treated AV leaflets in the circumferential (a, b) and radial (c, d) directions.
Extensibility in both directions varied with strain rate, but not with GAG concentration. Neither GAG concentration nor strain rate
had a significant overall effect on the RTC. Data presented as mean 6 standard deviation. #There was a significant overall effect
(p< 0.05) of strain rate.
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does not degrade collagen, it is a reasonable finding
that the HAse treatment in this study had no effect on
these properties.

Interestingly, the stress relaxation behavior and
strain-rate-independent tensile behavior of leaflets did
not change with decreasing GAG concentration. This
result contradicts previous studies on the e!ects of
GAGs or dehydration on viscoelasticity in the aortic
valve leaflet.2,5,44 A possible explanation for the lack of

an effect is that there was no change in water content
with increasing enzyme regimen strength. One previous
study showed that GAG digestion with HAse and Cse-
ABC does reduce water retention as well as the ability
of the leaflets to rehydrate.19 This could be a result of
potential tandem enzyme activity from the HAse and
Cse-ABC, which has specificity for CS, and works
slowly on HA.49 The result on water content in the AV
leaflet presented here highlights the need for further
examination into the mechanism of water retention in
leaflets with lower GAG concentration.

The results of this study also di!er from recent work
on the e!ects of enzymatic digestion of GAGs on
leaflet mechanical properties.5,10 In one study, GAGs
were removed using an enzyme cocktail consisting of
5 U/mL HAse, 0.1 U/mL Cse-ABC, and 0.15 U/mL
keratanase, as demonstrated by Alcian Blue staining.5

The resulting digested leaflets demonstrated signifi-
cantly less stress relaxation while showing no change in
the tensile properties of the leaflet,5 which strongly
contrasts the results of this study wherein leaflets
showed no difference in stress relaxation, but signifi-
cant increases in E, rmax, and hysteresis. In another
study, in which GAGs were removed from leaflets
using 30 U/mL HAse and 0.6 U/mL Cse-ABC, no
significant change was found in the tensile behavior or
hysteresis of digested leaflets at peak physiological
tension (90 N/m), while at low membrane tension
(10 N/m), there was no difference in hysteresis from
planar biaxial tension but significantly lower hysteresis
from flexure as a result of GAG digestion.10 In this
study, GAG concentration significantly affected E,
rmax, and hysteresis at membrane tensions between 50
and 1000 N/m (see Supplemental Fig. S11), levels well
past peak physiological loading. As the presented
study demonstrates that an HAse-only treatment with
higher specificity primarily removed GAGs from the
spongiosa (Fig. 4), it is possible that the enzyme
digestion regimens of the previous studies, with higher
strength, broader specificity and potentially enhanced
tandem enzyme activity, affected GAGs in the outer
layers of the aortic valve leaflet to a much larger extent
than this study. These outer layers are the collagenous
fibrosa, and the elastic ventricularis, the thinner inflow
layer containing sheets of elastic fibers, as well as col-
lagen. GAGs in these layers are most commonly part
of the small leucine-rich PGs (SLRPs) decorin and
biglycan. These PGs are also closely associated with
collagen fibrillogenesis.16,30,41,42 Indeed, decorin has
been shown to affect the mechanical behavior of ten-
dons, particularly their viscoelasticity,9,31 and reduc-
tion in biglycan content correlates with the stiffening
of neonatal Achilles’ tendons.1 Interestingly, GAG
removal in tendons demonstrated little effect on their
viscoelastic properties, suggesting that decorin and

FIGURE 8. Results of stress relaxation in HAse treated AV
leaflets: the time constants (a) sfast and (b) sslow from a double
exponential decay fit, and (c) the final relaxed stress as a
percentage of the original stress. There was no significant
overall effect of GAG concentration found. Data presented as
mean 6 standard deviation.
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biglycan may not necessarily influence mechanical
properties through their GAG chains.12 Further stud-
ies regarding the effect of GAGs on leaflet mechanical
properties should focus on GAG type, the specific PGs
to which these GAGs are attached, the specific region
from which GAGs are removed, and the physiological
loading regime within which the leaflets are tested.

In conclusion, leaflets treated with increasing concen-
trations of HAse show progressively and significantly
higherE, hysteresis, and rmax than nativeAV leaflets, but
similar stress relaxation behavior. Given previous results
using different enzyme regimens, this present study
should be considered in the appropriate context: the
removal of GAGs from the spongiosa using HAse sig-
nificantly increased stiffness but did not change the stress
relaxation behavior of the overall leaflet. These results
helppaintamorecomplexandnuancedpictureof the role
of GAGs in leaflet material properties and overall valve
function.The results of this studyhavemany implications
for aortic valve replacement. First, as the only study to
look at the mechanical properties of AV leaflets based on
a spectrum of GAG concentrations, the mechanical
testing results in this study form the basis of predictive
models of BPHV material properties based on GAG
concentration. There are also implications in this study
for BPHV design. Recent studies have focused on iden-
tifying fixation techniques that stabilize and preserve
GAGs.20,24,28 In addition, there are implications in this
study for scaffolds for heart valve tissue engineering.
GAG hydrogels, including HA22,23,29,32,37 and CS-
based13 gels, are being extensively investigated for possi-
ble use as scaffolds for heart valve tissue engineering, in
particular as part of a tri-layered scaffold as a middle
GAG layer that mimics the native heart valve structure.
Thus, for the rational design of a tri-layered heart valve
scaffold using GAG hydrogels as the middle layer, it is
critical tounderstand the effect ofGAGconcentrationon
overall tissue material properties. This study demon-
strates the importance of GAGs in aortic valve function,
and future research should focus on their role in greater
detail.
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Leaflet Matrix Composition and Turnover 
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Abstract—To determine how extracellular matrix and con-
tractile valvular cells contribute to the heterogeneous motion
and strain across the mitral valve (MV) during the cardiac
cycle, regional MV material properties, matrix composition,
matrix turnover, and cell phenotype were related to regional
leaflet strain. Radiopaque markers were implanted into 14
sheep to delineate the septal (SEPT), lateral (LAT), and
anterior and posterior commissural leaflets (ANT-C, POST-
C). Videofluoroscopy imaging was used to calculate radial
and circumferential strains. Mechanical properties were
assessed using uniaxial tensile testing and micropipette
aspiration. Matrix composition and cell phenotypes were
immunohistochemically evaluated within each leaflet region
[basal leaflet (BL), mid-leaflet (ML), and free edge]. SEPT-
BL segments were stiffer and stronger than other valve
tissues, while LAT segments demonstrated more extensibility
and strain. Collagens I and III in SEPT were greater than in
LAT, although LAT showed greater collagen turnover
[matrix metalloprotease (MMP)-13, lysyl oxidase] and cell
activation [smooth muscle alpha-actin (SMaA), and non-
muscle myosin (NMM)]. MMP13, NMM, and SMaA were
strongly correlated with each other, as well as with radial and
circumferential strains in both SEPT and LAT. SMaA and
MMP13 in POST-C ML was greater than ANT-C, corre-
sponding to greater radial strains in POST-C. This work
directly relates leaflet strain, material properties, and matrix
turnover, and suggests a role for myofibroblasts in the
heterogeneity of leaflet composition and strain. New

approaches to MV repair techniques and ring design should
preserve this normal coupling between leaflet composition
and motion.

Keywords—Mitral valve, Extracellular matrix, Matrix me-

talloproteases, Collagen, Leaflet strain.

INTRODUCTION

Mitral valve (MV) competence is critical to cardiac
function. Indeed, mitral regurgitation portends a sig-
nificantly higher morbidity and mortality to patients
with myocardial infarction independent of left ven-
tricular function.10 MV competence relies on adequate,
timely coaptation between the leaflets. For this to be
accomplished, the different segments of the MV
undergo complex, heterogeneous motion12,27 culmi-
nating in the distal leaflet regions of the various seg-
ments forcefully joining in a precise alignment to
prevent blood backflow. Recent studies have shown
that the degree of coaptation is critical to mitral
regurgitation in diseases such as dilated cardiomyop-
athy.4 Numerous studies have characterized leaflet
motion and found it to be heterogeneous, with the
septal leaflet moving substantially further12 and having
a more rapid closure rate than the lateral leaflet.26

Strains were found to be heterogeneous even within the
septal leaflet.22 The underlying basis for this hetero-
geneity, however, remains unknown.

Previous studies have explored the di!erences in
material behavior between regions of the septal and
lateral leaflets15,23 and have attributed this heterogeneity
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to differential thickness of the collagen-rich fibrosa
layer across the leaflet anatomy.16,23 However, these
studies performed materials testing on strips of excised
leaflets, and did not address in vivo strains and hemo-
dynamics, the valve environment, or the commissural
leaflets. In addition, these explanations omit the pos-
sible contributions of heart valve cells to tissue
mechanics, an area of valve biology that warrants
further investigation. Given that valve cells are known
to be contractile20 and to produce extracellular matrix
in response to mechanical stimulation,11,14,19 it would
be prudent to explore their potential role in the het-
erogeneity of valve mechanics. All in all, the relation-
ship between the valvular in vivo hemodynamic
environment, cell behavior, tissue composition, and
material behavior has not been fully explored. The
interplay between these factors could explain why, in
the context of pathophysiology that changes one or
more of these factors, coaptation of the leaflet fails.
Quantifying how these factors relate to one another in
the context of the healthy valve is the first step to a
deeper understanding of how this interplay alters valve
function. It was the hypothesis of this study that val-
vular cell-mediated differences in extracellular matrix
composition and turnover underlie the observed het-
erogeneity in leaflet motion. Therefore, immunohisto-
chemistry (IHC) was performed to characterize valve
cell phenotype, matrix composition, and matrix turn-
over within the different segments of the mitral leaflets.
These characteristics were then related to in vivo
regional leaflet strains and ex vivo material behavior.

METHODS

All animals received humane care in accordance
with the guidelines of the US Department of Health
and Human Services (NIH Publ. 85-23, Revised 1985).
The use of animals in this study was approved by the
Stanford Medical Center Laboratory Research Animal
Review Committee.

Animal Protocol

Radiopaque markers were implanted into fourteen
sheep delineating the leaflet of four MV segments
(Fig. 1): septal (SEPT), lateral (LAT), and anterior
and posterior commissures (ANT-C, POST-C). Pro-
cedures for marker implantation and biplane video
fluoroscopy have been described previously.25 Strain,
defined as the percent change from minimum to max-
imum dimensions throughout the cardiac cycle, was
calculated for radial and circumferential leaflet seg-
ment lengths of the different leaflet regions [Fig. 1,
basal leaflet (BL) and mid-leaflet (ML) for SEPT; ML

for LAT]. It was not possible to calculate circumfer-
ential leaflet length change for ANT-C and POST-C
due to limitations on marker positioning. The hearts
were then harvested and stored in formalin.

Materials Testing

For materials testing and micropipette aspiration,
lamb hearts were obtained from a local commercial
abattoir (Fisher Ham and Meat, Spring, TX).
Mechanical analysis was performed as described pre-
viously.7 Circumferential LAT, circumferential mid
leaflet SEPT (SEPT-ML), circumferential basal leaflet
SEPT (SEPT-BL), circumferential commissure
(COMM), radial LAT (LAT-RAD), and radial SEPT
(SEPT-RAD) segments were evaluated with a pre-
determined uniaxial tensile testing protocol using an
EnduraTEC ELF 3220 (Bose, Eden Prairie, MN). In
brief, thickness, width and gauge length of the tissue
segments were measured prior to testing. Testing was
conducted in 37 !C phosphate buffered saline. Tissue
segments were preconditioned using ten loading–
unloading triangle waves, then elongated to failure.

Mechanical data was then converted from load and
displacement to stress–strain curves for analysis con-
ducted using MATLAB software (MathWorks, Natick,
MA). Gauge length for each test was adjusted according
to protocols developed from previously described
methods.3 Maximum tangent modulus was calculated
from the slope of the post-transition region of the
bilinear stress–strain curve, extensibility was calculated

FIGURE 1. Circles indicate the location of the implanted
radiopaque markers. Dark gray rectangles indicate tissue sec-
tion location (sectionsdidnot includemarkersor their sutures).
Two tissue sectionswere analyzed and the results averaged for
the septal (SEPT) and lateral (LAT) segments, respectively; one
tissue section was used for each of the commissures (ANT-C,
POST-C). BL 5 basal leaflet, ML 5 mid-leaflet. Double-headed
arrows indicate leaflet segment length measurements;
rad 5 radial, circ 5 circumferential. For SEPT, BL rad + ML
rad 5 total rad. Due to limitations regardingmarker placement,
in the case of ANT-C and POST-C, total rad was calculated as
the average of the two measurements.
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as the x-intercept of the line defined by the maximum
tangent modulus, and the ultimate stress and strain were
defined as the stress and strain values at the maximum
stress obtained throughout failure tensile testing.

Micropipette Aspiration

Sheep hearts for micropipette aspiration were
obtained from a local commercial abattoir. A total of 12
mitral valves were obtained. A 5 mm square sample was
obtained from each segment of the annulus, corre-
sponding to marker positions 3 (SEPT), 7 (LAT), 5
(ANT-C) and 1 (POST-C). Fresh tissues were then tested
by micropipette aspiration as previously described13 on
the atrial side of the leaflet adjacent to themyocardium at
the annular border. Experimental images captured dur-
ing the testing were analyzed using ImageJ software
(NIH) to measure the aspiration length and pipette
diameter, and pressure datawas acquired fromapressure
transducer via a National Instruments DAQ system.
Data analysis was performed using a finite-strain hyper-
elastic exponential constitutive model as previously
described, and the effective modulus (M) describing the
local stiffness of the tissue was derived from the product
of the two material constants in the model.30

Histology and Immunohistochemistry

For each MV segment a 3–5 mm wide strip was cut
from insertion region to free edge (Fig. 1), embedded in
paraffin, and sectioned to a thickness of five microns.

Each sample was stained with Movat pentachrome as
well as IHC to demonstrate the myofibroblast valve cell
phenotype, extracellular matrix components, and
matrix turnover (Table 1). Staining intensity was
quantified on blinded IHC sections using Image J
software (NIH, Bethesda, MD) for three regions of the
valve, [BL, ML, and free edge (Fig. 2)] and for each
histological layer (fibrosa, atrialis, and spongiosa; only
spongiosa was quantified in the ML). Analysis of blin-
ded Movat-stained sections included measurements of
leaflet length and distance of proximal muscle insertion
relative to total leaflet length using ImageJ Pro software
(Media Cybernetics, Bethesda, MD). Semi-quantitative
grading was performed to evaluate delineation between
leaflet layers using a pre-determined grading rubric
ranging from 0 (minimum) to 4 (maximum) as previ-
ously described.24

Statistical Analysis

Multifactorial analysis of variance was performed
using SigmaStat (SPSS, Chicago, IL) or R with the

TABLE 1. Panel of antibodies used in immunohistochemistry.

Protein Function

Collagens
Collagen I (Col I)a Predominant collagen in valve, provides tensile strength
Collagen III (Col III)a Reticular collagen
Collagen turnover proteins
Matrix metalloproteinase (MMP)-13b Collagen degradation
Lysyl oxidase (LOX)d Involved in collagen and elastin crosslinking

Elastic fiber-related proteins
Elastine Predominant component of elastic fibers
Matrix metalloproteinase (MMP)-9c Elastin degradation
Proteoglycans (PG) and glycosaminoglycans (GAG)
Decorin (DCN)a PG involved in collagen fibrillogenesis

Valve cell activation
Smooth muscle alpha-actin (SM ! A)g Indicates an ‘‘activated’’ myofibroblast-like phenotype
Non-muscle myosin heavy chain (NMM)h Indicates an ‘‘activated’’ myofibroblast-like phenotype

a Gift of Dr. Larry Fisher, NIH (Bethseda, MD).
b Chemicon (Temecula, CA).
c Assay Designs (Ann Arbor, MI).
d Imgenex (San Diego, CA).
e Abcam (Cambridge, MA).
f Associates of Cape Cod (Falmouth, MA).
g Dakocytomation (Denmark).
h Covance (Berkeley, CA).

FIGURE 2. Locations of leaflet regions and histological lay-
ers. Red line indicates measurement for calculating proportion
of muscle insertion into leaflet. Scale bar represents 2 mm.
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level of significance set at 0.05. Tukey’s post hoc
tests were applied to examine differences between
groups within each level. Data sets that were not
normally distributed were rank transformed before
analysis. Paired t tests were used to compare strain
between matched leaflet pairs (SEPT/LAT or ANT-C/
POST-C).

Correlations between staining intensities of di!erent
proteins within individual leaflet layers of specific
regions and segments were used to assess protein
co-localization as an indication of collagen turnover
and/or the presence of the myofibroblast phenotype.
Correlations between protein intensities and in vivo
leaflet strain were analyzed to assess further any rela-
tionships between strain and composition. These cor-
relations were calculated using a Pearson rank order
test for normally distributed data and Spearman rank
order correlation for non-normally distributed data.
For correlations between intensities of different pro-
teins, p £ 0.02 was considered a trend and p £ 0.00625
was considered significant since 8 proteins were com-
pared. For correlations between intensities of proteins
and regional strain, each protein was considered indi-
vidually, therefore p £ 0.05 was considered significant,
but only highly significant correlations with p< 0.03
are reported.

RESULTS

Di!erences in Leaflet Strain Across Segments

Over the cardiac cycle, the radial strain (percent
change in length) of LAT was greater than in SEPT
(p = 0.004, Fig. 3a), as was the ML circumferential
strain (p = 0.031). The radial strain of POST-C was
greater than for ANT-C (p = 0.011). Within SEPT, the
radial and circumferential leaflet strain in ML were
greater than in BL (p = 0.001, Fig. 3b).

Di!erences in Leaflet Structure Across Segments

The total leaflet length di!ered between leaflets,
being greatest in SEPT, followed by LAT, and then
ANT-C/POST-C (p< 0.001, data not shown). Inter-
estingly, delineation between leaflet layers was greatest
in SEPT, then in ANT-C/POST-C, and lastly in LAT
(Fig. 4a, p = 0.011). The length of the muscle insertion
into the leaflet region relative to total leaflet length
was highest in ANT-C (32%), much less in LAT (13%)
and POST-C (10%), and minimal in SEPT (2%,
p< 0.001). Analysis of Movat-stained sections
revealed further structural differences between the
leaflets. In the ML region of LAT where the chordae
tendineae insert, the leaflet fibrosa contained collagen,

PGs, and other matrix components, and the chordae
tendineae insertions were apparent as branches coming
off the fibrosa. In contrast, in the commissural leaflets,
the collagen-rich chordae tendinae often appeared as
continuous with the fibrosa. Therefore, the leaflet fib-
rosa of the commissures contained proportionately
more collagen than did the LAT leaflet (Fig. 4b).

Compositional Heterogeneity Between Leaflet Segment
Pairs

The expression of Col I in SEPT was greater than in
LAT across all leaflet regions (Fig. 5a; p< 0.025 for
ML, BL; p = 0.06 (trend) for free edge), as was Col III
(p< 0.005). In contrast, the expression of collagen-
degrading enzyme MMP13 was greater in LAT than in
SEPT (Fig. 5b; p< 0.005 for BL, ML). LOX, an en-
zyme involved in collagen and elastin crosslinking, was
similarly greater in LAT compared to SEPT ML
(Fig. 5c; p< 0.008). The proteoglycan DCN, which
mediates collagen fibrillogenesis, was greater in LAT

FIGURE 3. a Comparison of LAT vs. SEPT radial and cir-
cumferential percent contraction. *p £ 0.031 vs. SEPT for a
given direction (radial or circumferential). b Comparison of BL
and ML radial and circumferential percent contraction within
SEPT. *p £ 0.001 vs. BL for a given direction (radial or cir-
cumferential). For all bar graphs error bars indicate the stan-
dard error of the mean.
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BL than in SEPT BL (p< 0.007; data not shown). Two
indicators of valve cell activation, SMaA and NMM,
were greater in LAT than in SEPT [both BL and ML,
p< 0.0002 for SMaA, p< 0.0001 for NMM (not
shown)].

These patterns of expression for collagen, collagen
turnover enzymes, and markers of cell activation par-
alleled those of radial and circumferential strains. For
example, MMP13 abundance was correlated with cir-
cumferential strain in LAT ML (r = 0.733, p = 0.020)
and radial strain in SEPT BL (r = 0.99, p = 0.001).
SMaA expression in the atrialis layer was correlated
with circumferential strain in SEPT-BL (0.935,
p< 0.001) and with radial strain in SEPT-ML (r =
0.700, p = 0.03). In LAT ML, NMM expression was
correlated with both radial and circumferential strain
(r = 0.857, p = 0.006 and r = 0.821, p = 0.0145,
respectively). Furthermore, in SEPT, the abundance of
NMM, SMaA, and MMP13 was greater in the ML
fibrosa than in the BL fibrosa (p = 0.037), which was

consistent with greater strains in SEPT ML compared
to BL (Fig. 3b).

Compared to ANT-C, POST-C demonstrated
greater expression of Col I and Col III in BL and ML
(each p< 0.0005), SMaA in ML (p< 0.008), and
MMP13 in ML (p< 0.003). The greater expression of
SMaA and MMP13 in POST-C vs. ANT-C was

FIGURE 4. a Degree of delineation between layers. *p<0.001.
b The two left sections represent examples of commissure
sections in which the collagen core of the chordae tendinae is
continuous with the fibrosa of the leaflet resulting in a partic-
ularly collagen-rich fibrosa in this section of the leaflet. That
pattern contrasts with the chordal origins in LAT (far right), in
which chordae has branched off of the existing fibrosa. Red
arrows in left two images point to chordae continuous with
leaflet fibrosa; red arrow in right image points to chordae
branching off fibrosa. Scale bars represent 2 mm.

FIGURE 5. a Relative amounts of Col I and III in leaflet sec-
tions. Overall Col I and Col III each p< 0.001. *p< 0.008 vs. LAT
and ^p< 0.011 vs. ANT-C for a given protein (Col I or Col III). b
Relative amounts of MMP13 and SMaA in leaflet sections.
Overall MMP13 and SMaA each p< 0.001. *p<0.001 vs. SEPT-
ML and SEPT-BL and ^p< 0.015 vs. POST-C for a given pro-
tein (MMP13 or SMaA). c Relative amounts of elastin and LOX
in leaflet sections. Overall elastin and LOX p< 0.001. *p< 0.001
vs. SEPT-ML for a given protein (elastin or LOX).
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consistent with the greater radial strain in POST-C
(p = 0.011).

Compositional Heterogeneity Across All Mitral Valve
Segments

To understand the heterogeneity of collagen
expression and remodeling enzymes throughout the
mitral valve leaflets, all segments were compared.
Expression of Col I and Col III in both ML and BL
were greatest in POST-C, followed by SEPT, then
ANT-C, and lastly LAT (overall p< 0.001 for each of
ML and BL; Fig. 5a). MMP13 expression was greatest
in POST-C, followed by ANT-C, then LAT, and lastly
SEPT (each region overall p< 0.007; Fig. 5b). Simi-
larly, expression of the crosslinking enzyme LOX
(Fig. 5c) was greater in the commissural leaflets than in
the SEPT and LAT, both closer to the annulus (BL,
overall p = 0.022) and in the ML (overall p< 0.001).
In contrast, expression of DCN in the BL was greatest
in LAT, followed by ANT-C/POST-C, and then SEPT
(overall p = 0.019).

With regards to cell activation, expression of SMaA
in BL and ML was greatest in POST-C, followed by
ANT-C and LAT, and then lowest in SEPT (overall
p< 0.001 for each of BL and ML; Fig. 5b). In BL,
NMM was greatest in LAT, followed by POST-C/
ANT-C, and then was again lowest in SEPT (overall
p = 0.016; data not shown).

For proteins related to elastic fibers, expression of
elastin in ML was greatest in ANT-C/POST-C, fol-
lowed by SEPT and LAT (Fig. 5c, overall p value
<0.001). Similarly, expression of MMP9, an elastin
degrading enzyme, in ML was greatest in ANT-C/
POST-C, followed by SEPT and LAT (overall
p = 0.032; data not shown).

Correlation Between Proteins Within Leaflet Regions

Within specific leaflet regions and layers, strong
correlations were found between markers for cell
activation and enyzmes involved in matrix turnover,
suggesting the presence of myofibroblasts. For exam-
ple, MMP13 and SMaA were correlated in the ML
across all layers (0.764, p< 0.00001), as well as in the
BL fibrosa (0.810, p< 0.00001) and free edge (0.656,
p = 0.003). MMP9 was correlated with both SMaA
and NMM in the BL fibrosa (0.576, p< 0.0022 and
0.578, p< 0.0014, respectively).

Material Properties of Leaflet Regions

SEPT-BL regions (circumferential) were sti!er
(larger maximum tangent modulus) and stronger (larger
ultimate stress) than LAT, SEPT-ML, LAT-RAD, and
COMM regions as shown by tensile testing (Fig. 7a,
p< 0.05). This finding was confirmed by micropipette

FIGURE 6. Comparison of Effective Modulus of leaflet sec-
tions tested using micropipette aspiration. Overall p< 0.05.
*p< 0.05 vs. SEPT-ML, ANT-C, and LAT.

FIGURE 7. a Comparison of maximum tangent modulus and
ultimate stress in leaflet sections based on uniaxial tensile
testing. Overall maximum tangent modulus and ultimate
stress p<0.05. *p< 0.05 vs. SEPT-BL for given material
property (maximum tangent modulus or ultimate stress). b
Comparison of extensibility and ultimate strain in leaflet
sections based on uniaxial tensile testing. Overall extensibil-
ity p<0.05. ^p<0.05 vs. LAT-RAD for extensibility.
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aspiration, where SEPT-BL regions were stiffer than
SEPT-ML, LAT, and ANT-C regions (Fig. 6, p< 0.05).
In addition, LAT-RAD regions were found to be more
extensible than SEPT-RAD and LAT regions by tensile
testing (Fig. 7b, p< 0.05). There was no difference in
ultimate strain between the different segments.

DISCUSSION

This research provides the first in vivo evidence that
leaflet strains are directly related to local leaflet material
properties, matrix composition, matrix turnover enzyme
levels, and valve cell activation, and moreover that these
relationships are heterogeneously patterned across the
valve leaflets. Ex vivo material properties are consistent
with the in vivo strain patterns, with regions of low
strain associated with stiffer and stronger tissues (SEPT-
BL) and areas of high strain associated with high
extensibility (LAT and SEPT-RAD). Although collagen
content in SEPT was greater than LAT, collagen
remodeling enzymes were expressed at higher levels in
LAT. The greater abundance of these enzymes suggest
increased collagen turnover, which would be consistent
with greater strains in that leaflet. The presence of
activated valve cells paralleled these greater strains and
increased turnover enzyme presence in LAT. Similarly,
collagen turnover enzyme levels and valve cell activation
in POST-C was greater than ANT-C, again suggesting
greater collagen turnover, which is consistent with
greater strain in POST-C. Comparison of all four leaf-
lets revealed that the commissures had the highest col-
lagen content, as well as the highest collagen and elastic
fiber remodeling enzyme levels and valve cell activation.
Strong correlations between cell activation and matrix
turnover markers suggest the role of myofibroblasts in
the observed compositional heterogeneity.

Relations Between Strain, Material Properties, Matrix
Composition, and Myofibroblasts

Overall, this work suggests that there is a relationship
between leaflet strains during the cardiac cycle, material
properties of the tissue, levels of matrix turnover pro-
teins, and valve cell activation towards the myofibroblast
phenotype, as demonstrated through analysis of di!er-
ent MV leaflets and leaflet regions. This work validates
previous ex vivo aortic valve studies showing that leaflet
strain leads to altered leaflet composition, such as
increased collagen content and SMaA expression1 and
altered MMP expression.2 It is also consistent with
in vitro studies that have demonstrated altered matrix
synthesis11,14,19 and increased SMaA19 by valve cells
exposed to different strains or residing in valves experi-
encing different transvalvular pressures. Additionally,

leaflet regions that demonstrated greater stiffness and
strength (such as SEPT-BL) were also found to have
increased collagen content and LOX content than
weaker tissues. These stiffer regions were also associated
with lower in vivo strains.

The myofibroblast cell phenotype, as demonstrated
by SMaA and NMM expression, may be a factor in the
observed heterogeneity in composition, since myofi-
broblasts can sense and respond to their mechanical
environment.29 These cells influence the leaflet com-
position, as they synthesize extracellular matrix and
express abundant MMPs.21 Myofibroblasts are also
contractile20; although this contractility does not occur
at the time scale of the valve opening and closing, it
does affect leaflet stiffness in vitro,18 and could affect
strain. Taken together, these results suggest that the
normal MV continually alters levels of matrix remod-
eling enzymes in response to its mechanical environ-
ment, and that these processes may be mediated in part
by cells demonstrating the myofibroblast phenotype.

Characterization of Commissural Leaflets

This work also provided novel information regard-
ing the structure and dynamic matrix composition of
the commissural leaflets. For decades, there has been
scant research on the composition of these leaflets; the
one exception was a description of their collagen fiber
alignment.6 In an extensive study of MV histology
from 1956, it was noted that the ‘‘junctional’’ tissues of
the normal MV are ‘‘anatomically and histologically
not different from the rest of the valvular tissue’’.5 In
contrast, this study demonstrated that the commissures
have significantly different structure and composition
compared to the other MV segments. As a result,
ANT-C and POST-C defy easy classification as
resembling either SEPT or LAT, or even as resembling
each other. In terms of collagen content, delineation of
leaflet layers, and extent of muscle insertion, ANT-C
resembled LAT and POST-C resembled SEPT. Those
results agree with the material property findings
obtained through micropipette aspiration, in which
ANT-C was significantly less stiff than SEPT-BL tis-
sues whereas POST-C was not. In terms of the abun-
dance of collagen remodeling enzymes and markers of
cell activation, however, ANT-C more closely resem-
bled SEPT (lower MMP13 and SMaA), and POST-C
more resembled LAT. Significant differences in protein
expression between ANT-C and POST-C (Col I, Col
III, SMaA, and MMP13) suggest inherent differences
between the two commissures. It is also noteworthy
that expression of MMP13, LOX, elastin, and SMaA
was greater in the commissures than in SEPT/LAT,
which suggests that the commissural leaflets undergo
more remodeling than do the leaflets. This finding
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could reflect differences between ANT-C/POST-C and
SEPT/LAT in leaflet strain; in the future, it will be
important to assess in vivo leaflet strains in a manner
that permits direct comparison between ANT-C/
POST-C and SEPT/LAT.

Heterogeneity in Valve Composition and Structure

Significant heterogeneity in composition between the
four MV leaflets reflects their di!erences in structure as
well as function. For instance, the SEPT leaflet showed
greater abundance of Col I and III compared to LAT,
likely due to the dominance of the fibrosa layer, but less
evidence of collagen remodeling enzymes than in LAT.
The amount of cardiac muscle present atop the proximal
leaflet has not been previously reported, even though the
general nature of the muscular and fibrous portions of
the mitral annulus has been widely observed. Compared
to SEPT, muscle was found to extend much further into
the leaflets of LAT, ANT-C, and POST-C. This muscle
tissue would likely impart significant contractility to
these regions, and is consistent with greater changes in
leaflet lengths across the cardiac cycle in LAT compared
to SEPT. It is interesting to note that SEPT had signif-
icantly greater delineation of leaflet layers compared to
LAT. Since a layered leaflet structure decreases the
resistance to bending,16 this greater delineation of SEPT
may functionally allow the SEPT leaflet to bend further
compared to LAT, as previously reported.12 Bending of
SEPT is also likely aided by the thinness of the BLwithin
the center ‘‘clear zone’’ of the anterior leaflet.

Implications for Mitral Valve Disease and Treatment

The relationships between leaflet strain, material
properties, and composition emphasizes the need to
restore normal leaflet strain in valve repair procedures,
such as through judicious design of annuloplasty rings.
Restoring normal strain patterns may also a!ect the
abundance of myofibroblasts, which are a probable link
between strain and matrix composition, and are consid-
ered to be highly relevant to the progression of mitral
valve disease.21 Furthermore, these results provide a
more complete picture of the complexity of MV compo-
sition and structure, including the commissural leaflets,
whichmaybe relevant to the designof a tissue-engineered
mitral valve and incommissural repairprocedures. Itmay
be insightful to incorporate the commissural leaflets into
future finite element models of the mitral valve. Future
studies arewarranted to determine causativemechanisms
of the relationship between in vivo strain, cell phenotype
and matrix composition. It will also be important to
investigate other aspects of the in vivomechanical activity
of the valve, such as flexure, shear, and coaptation, on
regional leaflet composition and structure.

Study Limitations

One of the limitations in this study is the inherent
variability of IHC, which was quantified to be 13.7%
within batches and 16.5% between batches. Averaging
of duplicate sections and batch staining methods were
performed to limit this variability. With respect to
radiopaque marker placement, it was not possible to
compare ANT-C and POST-C radial leaflet strain to
that of LAT and SEPT, or to measure commissural
circumferential leaflet lengths. The use of uniaxial
testing to assess the material properties of the di!erent
tissue regions simplifies the analysis by estimating the
characteristics of interest of each tissue section in an
orientation-dependent manner. It would be worthwhile
to follow up to this work with a more comprehensive
mechanical analysis conducted using biaxial testing, in
which the circumferential and radial behavior could be
controlled and measured at the same time.8,9,17 Addi-
tionally, slight anatomic differences between the ovine
and human MV could affect translation of these data
to human patients. For example, the fibrous mitral
annulus ring in humans appears to be more well de-
fined than in ovine hearts, which could impact the
motion of the annulus and the resulting strains on
leaflets in healthy valves. In addition, the fibrosa layer
of the ovine valve is reported to have more dense
collagen than that in humans, which would also impact
strains.28

In conclusion, these observations are the first to
show a direct relation between in vivo valve strain,
collagen turnover, and cell activation, as well as ex vivo
material behavior. Myofibroblast-like valve cells,
which demonstrate contractile and synthetic capabili-
ties, may contribute to both the observed composi-
tional heterogeneity as well as the heterogeneity in
leaflet strain important for proper leaflet coaptation. In
the future, the myofibroblast may be an important
therapeutic target for diseases in which leaflet motion
and composition are altered. Furthermore, it will be
important for valve repair techniques and annuloplasty
ring design to preserve this heterogeneity in leaflet
strain and thereby attempt to prevent any further
deterioration in leaflet composition that accompanies
these disease processes.
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Abstract—Regional heterogeneity in mitral annular con-
traction, which is generally ascribed to the fibrous vs.
muscular annular composition, ensures proper leaflet
motion and timing of coaptation. It is unknown whether
the fibroblast-like cells in the annulus modulate this
heterogeneity, even though valvular interstitial cells (VICs)
can be mechanically ‘‘activated.’’ Fourteen sheep underwent
implantation of radiopaque markers around the mitral
annulus defining four segments: septal (SEPT), lateral
(LAT), and anterior (ANT-C) and posterior (POST-C)
commissures. Segmental annular contraction was calculated
using biplane videofluoroscopy. Immunohistochemistry of
annular cross sections assessed regional matrix content,
matrix turnover, and cell phenotype. Micropipette aspira-
tion measured the effective modulus of the leaflets adjacent
to the myocardial border. Whereas SEPT contained more
collagen I and III, LAT demonstrated more collagen and
elastin turnover as shown by greater decorin, lysyl oxidase,
and matrix metalloprotease (MMP)-13 and smooth muscle
alpha-actin (SMaA). This greater matrix turnover paral-
leled greater annular contraction in LAT vs. SEPT (22.5 vs.
4.1%). Similarly, POST-C had more SMaA and MMP13
than ANT-C, consistent with greater annular contraction in
POST-C (18.8 vs. 11.1%). Interestingly, POST-C had the
greatest effective modulus, significantly higher than LAT.
These data suggest that matrix turnover by activated VICs
relates to annular motion heterogeneity, maintains steady-
state mechanical properties in the annulus, and could
be a therapeutic target when annular motion is impaired.
Conversely, alterations in this heterogeneous annular con-
traction, whether through disease or secondary to ring

annuloplasty, could disrupt this normal pattern of cell-
mediated matrix remodeling and further adversely impact
mitral valve function.

Keywords—Mitral annulus, Extracellular matrix, Matrix

metalloproteases, Collagen, Annular contraction.

INTRODUCTION

The mitral valve (MV) annulus demonstrates heter-
ogeneity in both structure and motion. Structurally, the
MVannulus is an asymmetric, hyperbolic paraboloid or
saddle-shaped oval ring.16 Annular deformation during
the cardiac cycle is complex and diverse, involving tilting
around multiple axes,11,12 translation,12 and contrac-
tion,7,25,27 each occurring to varying degrees throughout
the different regions of the annulus. In general, lateral
annular contraction is substantially greater than that of
the septal annulus during the cardiac cycle.7,25,27 Given
that elimination of this dynamic movement of the MV
annulus in vivo has been shown to result in depressed
cardiac function,4,18,28 this characteristic is clearly nec-
essary for proper valve function. This heterogeneity has
been primarily attributed to the fibrous vs. muscular
composition of the septal and lateral annulus, respec-
tively,1,7,25,27 but the specific nature of this composi-
tional diversity, particularly the valve leaflet insertion,
have not been previously investigated.

In addition, cells from a wide range of tissues,20

including valves,2,17 both respond to and influence their
mechanical environment via phenotypic modulation
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and synthesis of extracellular matrix. The relationship
between the highly dynamic in vivo mechanics and
composition of the valve annulus, however, remains
unknown. Establishing such a link between annular
motion and composition would have important impli-
cations regarding the ultrastructural mechanisms of
annular dilation in valve diseases, the potential for
preventative treatments, and the design of annular
repair strategies and annuloplasty rings.

Therefore, the aim of this study was to correlate the
heterogeneity of normal MV annular contraction with
regional measurements of matrix turnover and valve
cell activation using immunohistochemistry (IHC).
IHC was performed for a number of proteins related to
cell activation as well as the abundance, synthesis, and
degradation of extracellular matrix, and micropipette
aspiration was performed to establish a link between
extracellular matrix characteristics and mechanical
properties of the mitral leaflets at the border of their
insertion into the annulus.

METHODS

All animals received humane care in accordance
with the guidelines of the US Department of Health
and Human Services (NIH Publ. 85-23, Revised 1985).
The use of animals in this study was approved by the
Stanford Medical Center Laboratory Research Animal
Review Committee.

Animal Protocol

Eight (8) radiopaque markers were implanted to
delineate four annular segments (Fig. 1): septal (SEPT,
the distance from marker 2–4) and lateral (LAT,
marker 6–8) annulus, and anterior (ANT-C, marker
4–6), and posterior (POST-C, marker 2–8) commis-
sures. Procedures for marker implantation and biplane
video fluoroscopy have been described previously.24

Annular segment contraction was calculated as the
percentage change from maximum to minimum seg-
ment lengths both at baseline and during calcium
infusion25 throughout the cardiac cycle. The hearts
were then harvested and stored in formalin.

Histology and Immunohistochemistry

For each segment of the MV annulus, a 3–5 mm
wide strip was cut from the myocardium to the leaflet
free edge (Fig. 1). Cross sections were embedded in
paraffin and sectioned to a thickness of five microns.
Each sample was stained with Movat pentachrome as
well as with standard immunohistochemistry proce-
dures to demonstrate specific extracellular matrix

components, enzymes involved in matrix turnover, and
cell phenotype (Table 1). The staining intensity in each
layer (fibrosa, atrialis, and muscle, Fig. 2) of the MV
annulus of blinded samples was quantified using
ImageJ software (NIH, Bethseda, MD).

Micropipette Aspiration

Sheep hearts for micropipette aspiration were
obtained from a local abattoir. A total of 12 MVs
were obtained. A 5 mm square sample was obtained
from each segment of the annulus, corresponding to
marker positions 3 (SEPT), 7 (LAT), 5 (ANT-C), and
1 (POST-C). Fresh tissues were then tested by
micropipette aspiration as previously described13 on
the atrial side of the leaflet adjacent to the myocar-
dium at the annular border. Experimental images
captured during the testing were analyzed using Im-
ageJ software (NIH) to measure the aspiration length
and pipette diameter, and pressure data was acquired
from a pressure transducer via a National Instru-
ments DAQ system. Data analysis was performed
using a finite-strain hyperelastic exponential consti-
tutive model as previously described, and the effective
modulus (M) describing the local stiffness of the tis-
sue was derived from the product of the two material
constants in the model.31

FIGURE 1. Location of the different annular segments from
which tissue sections were taken. In the case of septal seg-
ment (SEPT) and lateral segment (LAT) 2 tissue sections were
analyzed, in the case of the anterior and posterior commis-
sures (ANT-C, POST-C), one tissue section was taken from
either side of the tantalum marker based on quality of the
leaflet on each side. For calculation of annular contraction,
the distance between marker 2 and 4 was defined as SEPT,
marker 6–8 as LAT, marker 4–6 as ANT-C, and marker 2–8 as
POST-C.
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Statistical Analysis

Data are presented as mean and standard deviation,
unless otherwise noted. Multifactorial analysis of var-
iance (ANOVA) was performed using SigmaStat
(SPSS, Chicago, IL) with the level of significance set at
0.05. Data that was not normally distributed was rank
transformed before analysis. Paired t tests were used to
compare annular contraction with and without Ca2+.
Correlations between staining intensities of different
proteins within individual annular layers and segments
were used to assess protein co-localization related to
matrix turnover and cell phenotype. Correlations
between protein intensities and annular contraction

were analyzed to investigate the mechanobiology of
compositional differences. These correlations were
calculated using a Pearson rank order test for normally
distributed data and Spearman rank order test for non-
normally distributed data. For correlations between
intensities of different proteins p £ 0.02 was considered
a trend and p £ 0.00625 considered significant (since 8
proteins were being compared); for correlations
between intensities of proteins and annular contraction
each protein was considered individually, therefore
p £ 0.05 was considered significant, but only the
most significant of these correlations with p< 0.03 are
listed.

RESULTS

Heterogeneity of Annular Segment Contraction

Without calcium infusion, annular contraction
(percent reduction from max to min segement length)
was greatest in LAT, followed by POST-C, ANT-C,
and lastly SEPT (Table 2, p< 0.001). With calcium
infusion, annular contraction was greatest in LAT
and POST-C, followed by ANT-C, and lastly SEPT
(Table 2, p< 0.001). The contraction of each annular
segment except SEPT increased with calcium infusion
compared to baseline (each p< 0.036).

Di!erences in Leaflet Insertion Structure

Histological analysis showed that the fibrosa in the
SEPT leaflet continued as a deep insertion into the
musculature as a substantial, collagen-rich band,

TABLE 1. Panel of antibodies used in immunohistochemistry.

Protein Function

Collagens and collagen-turnover proteins
Collagen I (Col I)a Predominant collagen in valve, provides tensile strength
Collagen III (Col III)a Reticular collagen
Matrix metalloproteinase (MMP)-13b Collagen degradation

Elastic fiber-related proteins
Matrix metalloproteinase (MMP)-9c Elastin degradation
Lysyl oxidase (LOX)d Involved in collagen and elastin crosslinking
Elastine Predominant component of elastic fibers

Proteoglycans (PG)
Decorin (DCN)a PG involved in collagen fibrillogenesis

Valve cell activation
Smooth muscle alpha-actin (SMaA)f Indicates an ‘‘activated’’ myofibroblast-like phenotype

a Gift of Dr. Larry Fisher, NIH (Bethseda, MD).
b Chemicon (Temecula, CA).
c Assay Designs (Ann Arbor, MI).
d Imgenex (San Diego, CA).
e Abcam (Cambridge, MA).
f Dakocytomation (Denmark).

FIGURE 2. Right image shows location of layer of annulus
analyzed in tissue section relative to leaflet below and annular
fluoroscopy marker seen in left photograph of gross speci-
men. Arrows point to layers of the MV annulus (atrialis, fib-
rosa, and muscle). Scale bar represents 2 mm.
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whereas in LAT the fibrosa remained more superficial
to the annular musculature. Additionally, in LAT the
leaflet appeared to be a continuation of the muscular
tissue (Fig. 3), as opposed to an independent structure
into which the muscle inserted. In contrast, in both

ANT-C and POST-C the leaflet was more structurally
distinct from the adjacent musculature, with moderate
insertion of the fibrosa into the musculature but not to
the same degree as in the SEPT region of the annu-
lus. Regions of the annulus where the fibrosa inserted
into the musculature to a substantial degree were the
same regions that showed relatively less contraction
(Table 2).

Compositional Heterogeneity Between Septal and
Lateral Segments and Between Commissures

Compared to the LAT annulus, the SEPT annulus
contained more Col I and III both across the fibrosa,
atrialis, and muscle layers (Fig. 4a, each p< 0.001)
and in the muscle layer individually (each p< 0.001).
In contrast, LAT showed greater expression of pro-
teins related to collagen and elastic fiber turnover
including the collagen-degrading enzyme MMP13
(Fig. 4b, p< 0.001); the proteoglycan DCN, which is
involved in collagen fibrillogenesis (p = 0.033); LOX,
an enzyme involved in both elastin and collagen cross-
linking (p = 0.006); and elastin (Fig. 5, p< 0.005).
LAT also demonstrated greater expression of SMaA
(p< 0.001) These results of greater collagen and elastic
fiber turnover in LAT compared to SEPT parallel the
contractile patterns of these regions.

Compared to ANT-C, the POST-C annulus con-
tained significantly more Col III (p< 0.015), as well as
MMP13 (p< 0.02) and SMaA (p = 0.006), which may
be consistent with the greater annular contraction in
the POST-C annular segment.

Compositional Heterogeneity Among Septal, Lateral,
and Commissural Segments

In the comparison of all di!erent annular segments,
POST-C showed the greatest staining for Col I and III
of all the segments (both overall p< 0.001). Col I and
III in ANT-C were both greater than LAT (both
p< 0.001). Both commissures also had greater
expression of MMP13 (p< 0.001), LOX (p = 0.005),
and elastin (p< 0.001), compared with the SEPT and
LAT segments. Consistent with the greater expression
of matrix turnover proteins, ANT-C and POST-C
showed the greatest expression of SMaA (p< 0.001).

When considering all of the annular segments as a
data set, several strong correlations were noted
between the magnitudes of annular contraction and
expression of markers of either cell activation or ma-
trix turnover. In the muscle and fibrosa layers, SMaA
expression was strongly correlated with annular con-
traction, both with and without calcium infusion
(muscle: 0.687–0.718, each p< 0.00001; fibrosa: 0.587–
0.611, each p< 0.00035). MMP13 expression was

TABLE 2. Percent contraction of annular segments at base-
line and during calcium infusion.

Baseline With calcium

SEPT 3.9 ± 2.6 4.7 ± 2.7
LAT 18.1 ± 4.4!" 20.9 ± 4.4*!"

ANT-C 9.9 ± 3.5! 12.3 ± 3.5*!

POST-C 15.4 ± 5.7!" 20.3 ± 6.0*"

Data presented as mean ± standard deviation. Contraction was
calculated as %change from maximum to minimum segment
lengths.
* p< 0.05 vs. baseline; ! p<0.05 vs. SEPT; " p<0.05 vs. ANT-C.

FIGURE 3. Examples of differences in insertion structure in
different MV annular segments. In the left panel is an image
representing the typical insertion of the LAT leaflet with the
large base, middle panel represents the commissural seg-
ments, and right panel represents the SEPT leaflet. Scale bars
represent 2 mm.
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similarly strongly correlated with annular contraction
(muscle: 0.622–0.626, each p< 0.0012; fibrosa: 0.675-
0.732, each p< 0.0002). The correlation between
MMP13 and annular contraction at baseline was par-
ticularly strong in the LAT fibrosa and muscle layers
(r = 0.780–0.823, p< 0.023).

Correlation Between Expressions of Di!erent Proteins

The presence of the myofibroblast cell pheno-
type was suggested by several correlations between
SMaA (the marker for cell activation) and collagen or
MMPs. Across all four annular segments, there were

correlations between MMP13 and SMaA (0.687–0.88
in various layers, p< 0.00001 for each layer). Further,
a correlation was found between MMP9 and elastin
(0.590, p = 0.0025) suggestive of elastic fiber turnover.

Mechanical Properties of MV Regions

Micropipette aspiration revealed a significant dif-
ference in the e!ective modulus of the atrialis side of
the posterior commissure (adjacent to the annular
border, M = 4.14 kPa) as compared to the lateral
annular region (M = 0.71 kPa). However there were
no other differences observed between annular regions
(anterior commissure, M = 1.72; septal annulus,
M = 1.65).

DISCUSSION

This study provides evidence documenting a novel
relationship between the in vivo contraction of various
segments of the mitral annulus and the matrix turn-
over, layered structure, and valvular cell phenotype
within that segment. Contraction was the lowest in
magnitude in areas showing the greatest amount of
fibrous insertion into the muscle, but was directly
related to matrix turnover and cell activation. The
LAT portion of the annulus demonstrated greater
collagen and elastic fiber turnover, as well as cell
activation, compared to the SEPT annulus, parallel-
ing greater contraction in LAT compared to SEPT.
Similarly, collagen turnover and cell activation was
high in the POST-C annulus, paralleling greater

FIGURE 4. Relative amounts of Col I and III across the different annular segments (a). Overall Col I and Col III each p< 0.001.
*p< 0.001 vs. LAT for a given protein (Col I or Col III). ^p< 0.01 vs. SEPT and !p< 0.015 vs. ANT-C for Col III. Relative amounts of
MMP13 and SMaA across the different annular segments (b). Overall MMP13 and SMaA each p<0.001. All comparisons between
annular segments were significant for MMP13 (!p<0.05). *p< 0.001 vs. SEPT for SMaA. ^p< 0.006 vs. POST-C for SMaA. For all
graphs, error bars indicate standard error of the mean.

FIGURE 5. Relative amounts of elastin across the different
annular segments. Overall p< 0.001. *p< 0.005 vs. SEPT.
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annular contraction in POST-C compared to ANT-C.
Overall, the commissural annular segments had the
highest collagen content as well as most pronounced
collagen and elastic fiber turnover. Throughout all of
the segments, there were strong, localized correlations
between the expression of myofibroblast phenotypic
marker (SMaA) and proteins involved in matrix
synthesis and turnover, which suggests the involve-
ment of myofibroblasts in annular compositional
heterogeneity.

Functional Implication of Heterogeneous Valve
Insertion Structure

Di!erences in the insertion of the heavily collagenous
fibrosa within the annular musculature reflect the con-
tractile behavior of the di!erent segments of the mitral
annulus. Although this contractile nature of the mitral
annulus has been widely investigated,7,25,27 the micro-
structural aspects of themitral leaflets’ anchoragewithin
the annulus, and how these vary across annular seg-
ments, have been largely overlooked. Across the differ-
ent segments of theMVannulus, the depth of the fibrosa
insertion was generally inversely related to the magni-
tude of contraction. Regarding the deep insertion of the
SEPT leaflet, the substantial bands of collagen demon-
strated here are likely related to its continuity with the
left ventricular outflow tract (LVOT) and would greatly
reduce contraction of the SEPT annular segment rela-
tive to remainder of the annulus, as observed in this and
other studies.7,14,19,25 The circumferential anchoring of
the SEPT segment of the annulus by the fibrous trigones
(between the mitral and aortic valve) would also be a
significant factor in the reduction of the contraction
relative to the rest of the annulus, which is surrounded
by dynamic, flexible muscle tissue. In addition to dif-
ferences in collagen insertion depth, the segments also
showed differences in the overall structure of the prox-
imal leaflet insertion into the annulus, which would
likely affect the flexibility of this leaflet region. The thick
annular insertion base anchoring the SEPT and com-
missural leaflets would reduce flexibility compared to
the thin, narrow base anchoring the LAT leaflet. Indeed,
compared to LAT, the SEPT leaflet displays greater
excursion11 and closure rate.27

Annular Compositional Heterogeneity and Turnover
in Relation to Contraction

The overall abundance of collagen within the vari-
ous annular segments was consistent with the degree of
insertion observed for each segment. For example, the
greater collagen content in SEPT vs. LAT reflected the
collagen-rich fibrosa inserting into the muscle of SEPT.
However, collagen expression was not limited to the

fibrosa layer: collagen was also more strongly stained
within the muscle layer of SEPT than in the LAT
muscle layer. Thus, the frequently described ‘‘fibrous’’
nature of the SEPT annulus is characterized by colla-
gen that is highly organized within the fibrosa layer as
well as di!usely abundant throughout the muscular
layer.

Within the primary leaflet annular comparison as
well as the commissural leaflet annular comparisons,
the relative magnitudes of annular contraction paral-
leled those of expression of markers for matrix turn-
over and cell activation. This work agrees with a
previous in vivo study showing that the lateral annulus
contracts more than the septal region of the annulus,
and we have now correlated this observed behavior
with the extracellular matrix structure and cell behav-
ior in these regions.5 It should be noted that contrac-
tion in the commissures was reported as being limited
in the previous study, whereas in this study commis-
sural contraction was not significantly different from
contraction of the lateral annulus. This difference
between reports is likely due to the definition of the
commissural annulus, which, as defined in this and
other studies3,23 encompasses a region from the fibrous
trigones to the more muscular lateral annulus, result-
ing in a transitional region averaging the behavior of
both fibrous and muscular regions. In the previous
study, the commissures were defined as a small area
adjacent to the fibrous trigones, and thus commissural
contraction in that work appeared to reflect the stiff,
fibrous nature of the tissue region. Further, there were
strong correlations between the myofibroblast pheno-
type and matrix turnover markers within individual
annular segments. These results suggest a relationship
between annular contraction and matrix turnover/cell
activation. It is likely that the highly dynamic
mechanical environment in the regions of greatest
contraction would necessitate greater matrix turnover
to maintain the steady-state matrix composition and
structure, leading to increased activation of cells in
these regions. Indeed, it was within the muscle and
fibrosa layers that the correlations between annular
contraction and proteins of matrix turnover and cell
activation were predominantly found, which is con-
sistent with the structural and functional roles of these
layers.

Interestingly, when considering all of the annular
segments, the commissures demonstrated not only the
greatest collagen content but also the greatest collagen
turnover and greatest level of cell activation, even
though the commissures as a group had annular con-
traction that was not significantly di!erent from LAT.
Reasons for this inconsistency might include the den-
sity of collagen within the fibrosa layer (which was very
high in the commissures but less so in the LAT) or the
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influence of other mechanical stimuli, in addition to
contraction, that could a!ect the annulus in a hetero-
geneous manner. The expected contraction-turnover
relationship, however, was demonstrated in the com-
parison of POST-C and ANT-C.

Micropipette aspiration enabled the testing of
highly localized regions of the annulus, which would
not be possible with traditional mechanical testing. As
a result, some regional heterogeneity was observed in
the mechanical properties of the annulus. The
increased collagen content in the septal and commis-
sural areas of the annulus, discussed previously, would
suggest that these regions would also be more sti! than
the lateral annulus. While only the posterior commis-
sure was found to have higher sti!ness than the lateral
annulus, these results still demonstrate regional heter-
ogeneity that is likely linked to changes in the regional
matrix composition. One limitation to this study was
the restriction of mechanical micropipette aspiration
testing to the atrial side of the annulus due to practical
limitations of finding the border between muscle and
annular tissues. It is likely that the ventricular side of
the annulus may have more pronounced di!erences in
sti!ness, due to the di!erences in insertion structure
and collagen content of the fibrosa side of the valve.

Potential Functional Contributions of Myofibroblasts

Given the known roles of myofibroblasts in matrix
remodeling,21,26 the fibrosa layer correlations between
the myofibroblast phenotype and markers for matrix
degradation imply that myofibroblasts contribute to
the annular compositional heterogeneity. Moreover,
myofibroblasts are known to respond to their
mechanical environment.30 Therefore, we speculate
that these cells provide an important link between
annular cell/matrix composition and function by
sensing annular contraction and responding by syn-
thesizing and remodeling extracellular matrix to
maintain the native mechanics and function of the
tissue. As such, the myofibroblast may be a therapeutic
target for diseases in which annular composition and
contraction is altered.

Implications for Mitral Disease and Treatment

The link between annular contraction and compo-
sition shown in this study implies that altered annular
contraction, such as occurs with annuloplasty ring
placement,6,8 as well as in disease processes such as
ischemic and functional mitral regurgitation,10,24 may
lead to alterations in valve cell phenotype and mitral
annular composition, which could lead to further
deterioration in MV function. Therefore, this study
provides further motivation for the ongoing refinement

of annuloplasty ring designs to maintain physiologic,
heterogeneous annular contraction. Previous studies in
ovine models of mitral disease have showed changes in
annular contraction,3,23 and correlating these results
with potential changes in cellular and extracellular
matrix remodeling would provide additional direction
in the design of annuloplasty rings. A previous study in
human patients has also showed significant changes in
annular dynamics between normal, ischemic, and
myxomatous MVs,15 thus using an ovine model to link
such changes in each of these conditions to matrix and
cell behavior changes would be valuable. In addition,
there was great heterogeneity of leaflet-musculature
insertions between the different MV leaflets. Since
these insertions are essential mechanical linkages con-
necting the leaflets to the mitral annular/left ventricu-
lar complex, these attachments will need to be carefully
replicated in the design of a tissue-engineered MV to
ensure proper function. In the future, it will be
important to understand and account for the numer-
ous forces acting on the mitral annulus and how those
forces interplay with annular composition to provide
a more complete picture of the complex structure–
function relationship in the mitral annulus.

Study Limitations

As noted above, one study limitation is due to the
challenge of performing micropipette aspiration on the
ventricular surface of the annulus. An additional lim-
itation is the inherent variability of immunohisto-
chemistry, which was quantified to be 13.7% within
batches and 16.5% between batches. In order to limit
this variability, duplicate sections were cut from the
SEPT and LAT annular segments, and the staining
results were averaged. Furthermore, all samples from a
given annular segment were stained for a given protein
in one batch. A second source of variability is the
di!erences in valve morphology between individual
animals, similar to the variability noted in humans.9,22

Despite these sources of variability, we have found
statistically significant results. Additionally, there are
some anatomic differences between the annuli of ovine
and humans,29 which should influence how these
results are applied to the study of human MV disease.

In conclusion, this study reveals heterogeneity in
MV annular composition in terms of individual ma-
trix components, matrix turnover, presence of myo-
fibroblasts, and structure of leaflet insertion.
Furthermore, this study provides the first evidence for
a connection between the heterogeneity in MV
annular matrix composition and heterogeneity of
annular contraction. Such a link could prove instru-
mental both in clinical strategies to treat valves with
altered matrix composition as well as in strategies for
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designing a heterogeneous tissue engineered heart
valve.
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