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Abstract

Purpose—To determine how extracellular matrix and contractile 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.

Methods—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).
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Results—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, corresponding to greater radial strains in POST-C.

Conclusions—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.
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Introduction

Mitral valve (MV) competence is critical to cardiac function. Indeed, mitral regurgitation 

portends a significantly higher morbidity and mortality to patients with myocardial 

infarction independent of left ventricular function [1]. MV competence relies on adequate, 

timely coaptation between the leaflets. For this to be accomplished, the different segments of 

the MV undergo complex, heterogeneous motion [2,3] culminating in the distal leaflet 

regions of the various segments 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 cardiomyopathy [4]. Numerous studies have 

characterized leaflet motion and found it to be heterogeneous, with the septal leaflet moving 

substantially further [2] and having a more rapid closure rate than the lateral leaflet [5]. 

Strains were found to be heterogeneous even within the septal leaflet [6]. The underlying 

basis for this heterogeneity, however, remains unknown.

Previous studies have explored the differences in material behavior between regions of the 

septal and lateral leaflets [7,8] and have attributed this heterogeneity to differential thickness 

of the collagen-rich fibrosa layer across the leaflet anatomy [7,9]. However, these studies 

performed materials testing on strips of excised leaflets, and did not address in vivo strains 

and hemodynamics, the valve environment, or the commissural leaflets. In addition, these 

explanations omit the possible 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 

contractile [10] and to produce extracellular matrix in response to mechanical stimulation 

[11–13], it would be prudent to explore their potential role in the heterogeneity of valve 

mechanics. All in all, the relationship 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 
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hypothesis of this study that valvular cell-mediated differences in extracellular matrix 

composition and turnover underlie the observed heterogeneity in leaflet motion. Therefore, 

immunohistochemistry (IHC) was performed to characterize valve cell phenotype, matrix 

composition, and matrix turnover 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). Procedures for marker implantation and biplane video fluoroscopy have 

been described previously [14]. Strain, defined as the percent change from minimum to 

maximum dimensions throughout the cardiac cycle, was calculated for radial and 

circumferential leaflet segment 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 

circumferential 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 previously [15]. 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 conducted using MATLAB software (MathWorks, Natick, MA). Gauge length for 

each test was adjusted according to protocols developed from previously described methods 

[16]. Maximum tangent modulus was calculated from the slope of the post-transition region 

of the bilinear stress-strain curve, extensibility was calculated 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.
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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, 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 

described [17] on the atrial side of the leaflet adjacent to the myocardium at the annular 

border. Experimental images captured during the testing were analyzed using ImageJ 

software (NIH) to measure the aspiration length and pipette diameter, and pressure data was 

acquired from a pressure transducer via a National Instruments DAQ system. Data analysis 

was performed using a finite-strain hyperelastic 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 [18].

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 blinded 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 previously described [19].

Statistical Analysis

Multifactorial analysis of variance was performed using SigmaStat (SPSS, Chicago, IL) or R 

with the 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 different 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 

relationships between strain and composition. These correlations 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 proteins, 

p≤0.02 was considered a trend and p≤0.00625 was considered significant since 8 proteins 

were compared. For correlations between intensities of proteins and regional strain, each 

protein was considered individually, therefore p≤0.05 was considered significant, but only 

highly significant correlations with p<0.03 are reported.
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Results

Differences 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).

Differences in Leaflet Structure Across Segments

The total leaflet length differed between leaflets, being greatest in SEPT, followed by LAT, 

and then ANT-C/POST-C (p<0.001, data not shown). Interestingly, 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 fibrosa 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 enzyme 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 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 paralleled those of radial and circumferential strains. For example, MMP13 

abundance was correlated with circumferential 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).
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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 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. 6). Similarly, 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, followed by SEPT and LAT (Fig. 5c, overall p-value: p<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 example, 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 stiffer (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 

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.
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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 leaflets revealed 

that the commissures had the highest collagen 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 proteins, and valve 

cell activation towards the myofibroblast phenotype, as demonstrated through analysis of 

different 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 expression [20] and altered MMP expression [21]. It is also 

consistent with in vitro studies that have demonstrated altered matrix synthesis [11–13] and 

increased SMaA [11] by valve cells exposed to different strains or residing in valves 

experiencing 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 myofibroblasts can sense and 

respond to their mechanical environment [22]. These cells influence the leaflet composition, 

as they synthesize extracellular matrix and express abundant MMPs [23]. Myofibroblasts are 

also contractile [10]; although this contractility does not occur at the time scale of the valve 

opening and closing, it does affect leaflet stiffness in vitro [24], and could affect strain. 

Taken together, these results suggest that the normal MV continually alters levels of matrix 

remodeling enzymes in response to its mechanical environment, and that these processes 

may be mediated in part by cells demonstrating the myofibroblast phenotype.
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Characterization of Commissural Leaflets

This work also provided novel information regarding 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 [25]. 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” [26]. 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 tissues 

whereas POST-C was not. In terms of the abundance of collagen remodeling enzymes and 

markers of cell activation, however, ANT-C more closely resembled 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 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 

differences 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 significantly greater delineation of leaflet layers compared to LAT. Since a 

layered leaflet structure decreases the resistance to bending [9], this greater delineation of 

SEPT may functionally allow the SEPT leaflet to bend further compared to LAT, as 

previously reported [2]. Bending of SEPT is also likely aided by the thinness of the BL 

within 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 
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design of annuloplasty rings. Restoring normal strain patterns may also affect the abundance 

of myofibroblasts, which are a probable link between strain and matrix composition, and are 

considered to be highly relevant to the progression of mitral valve disease [23]. Furthermore, 

these results provide a more complete picture of the complexity of MV composition and 

structure, including the commissural leaflets, which may be relevant to the design of a 

tissue-engineered mitral valve and in commissural repair procedures. It may be insightful to 

incorporate the commissural leaflets into future finite element models of the mitral valve. 

Future studies are warranted to determine causative mechanisms of the relationship between 

in vivo strain, cell phenotype and matrix composition. It will also be important to investigate 

other aspects of the in vivo mechanical 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 different 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[27-29]. Additionally, 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 defined 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 [30].

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 capabilities, may 

contribute to both the observed compositional 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 vale 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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Fig. 1. 
Circles indicate the location of the implanted radiopaque markers. Dark gray rectangles 

indicate tissue section location (sections did not include markers or their sutures). Two 

tissue sections were 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=basal leaflet, ML=mid-leaflet. Double-headed arrows indicate 

leaflet segment length measurements; rad=radial, circ=circumferential. For SEPT, BL rad + 

ML rad=total rad. Due to limitations regarding marker 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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Fig. 2. 
Locations of leaflet regions and histological layers. Red line indicates measurement for 

calculating proportion of muscle insertion into leaflet. Scale bar represents 2 mm
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Fig. 3. 
A) Comparison of LAT vs. SEPT radial and circumferential 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 circumferential). For all bar graphs error bars indicate the standard error 

of the mean
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Fig. 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 particularly 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
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Fig. 5. 
A) Relative amounts of Col I and III in leaflet sections. 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 

protein (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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Fig. 6. 
Comparison of Effective Modulus of leaflet sections tested using micropipette aspiration. 

Overall p<0.05. *p<0.05 vs. SEPT-ML, ANT-C, and LAT.

Stephens et al. Page 17

Cardiovasc Eng Technol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 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 extensibility p < 0.05. ∧p<0.05 vs. LAT-RAD for 

extensibility
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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)-13 b Collagen degradation

 Lysyl oxidase (LOX) d Involved in collagen and elastin crosslinking

Elastic Fiber-Related Proteins

 Elastin e Predominant component of elastic fibers

 Matrix Metalloproteinase (MMP)-9 c Elastin degradation

Proteoglycans (PG) and Glycosaminoglycans (GAG)

 Decorin (DCN) a PG involved in collagen fibrillogenesis

Valve Cell Activation

 Smooth muscle alpha-actin (SMaA)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).
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