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Abstract

Fundamental to developing a deeper understanding of pathophysiological remodeling in mitral 

valve (MV) disease is the development of an accurate tissue-level constitutive model. In the 

present work, we developed a novel meso-scale (i.e. at the level of the fiber, 10–100 μm in length 

scale) structural constitutive model (MSSCM) for MV leaflet tissues. Due to its four-layer 

structure, we focused on the contributions from the distinct collagen and elastin fiber networks 

within each tissue layer. Requisite collagen and elastin fibrous structural information for each 

layer were quantified using second harmonic generation microscopy and conventional histology. 

A comprehensive mechanical dataset was also used to guide model formulation and parameter 

estimation. Furthermore, novel to tissue-level structural constitutive modeling approaches, we 

allowed the collagen fiber recruitment function to vary with orientation. Results indicated that the 

MSSCM predicted a surprisingly consistent mean effective collagen fiber modulus of 162.72 

MPa, and demonstrated excellent predictive capability for extra-physiological loading regimes. 

There were also anterior-posterior leaflet-specific differences, such as tighter collagen and elastin 

fiber orientation distributions (ODF) in the anterior leaflet, and a thicker and stiffer atrialis in the 

posterior leaflet. While a degree of angular variance was observed, the tight valvular tissue ODF 

also left little room for any physically meaningful angular variance in fiber mechanical responses. 

Finally, a novel fibril-level (0.1 to 1 μm) validation approach was used to compare the predicted 

collagen fiber/fibril mechanical behavior with extant MV small angle X-ray scattering data. 

Results demonstrated excellent agreement, indicating that the MSSCM fully captures the tissue-

level function. Future utilization of the MSSCM in computational models of the MV will aid in 
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producing highly accurate simulations in non-physiological loading states that can occur in repair 

situations, as well as guide the form of simplified models for real-time simulation tools.
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1. INTRODUCTION

According the American Heart Association in 2013, it is estimated that mitral valve (MV) 

disease is present in over 4 million adults [1]. MV regurgitation is the most common 

pathology resulting from myocardial infarction (ischemic mitral regurgitation or IMR). The 

most frequent corrective approach used to restore leaflet function is MV annuloplasty [2, 3], 

wherein an annuloplasty ring is used to induce MV leaflet closure during systole. However, 

such procedures alter the distribution of stress within the leaflet [3–10], which may 

influence the long-term durability of the repair procedure. Long-term studies suggests that 

60% of patients who underwent MV repair show recurrence of MV regurgitation within 3–5 

years, and 10%–15% of patients require re-operation within the following 10 years [11, 12]. 

The need for computational models, based on understanding of the underlying 

mechanobiological processes is self-evident for predicting the outcome of surgically 

repaired MVs and driving the development of improved patient-specific surgical techniques.

While MV leaflets may first appear essentially to be membranous flaps, they are in actuality 

complex multilayered structures that undergo large anisotropic deformations in vivo [8]. 

Specifically, there are four morphologically distinct layers of the MV: the ventricularis, 

fibrosa, spongiosa, and atrialis [13]. All layers are composed of various amounts of dense 

networks of collagen (mostly type I) and elastin fibers, as well as non-fibrous proteoglycans 

(PG) and glycosaminoglycans (GAG). In a recent study [14], we demonstrated that the 

layer-specific deformations of the MV interstitial cells (MVIC) are a direct result of the 

layer-specific architectures. This suggests that layer-specific adaptations are possible, as 

observed in Wells et al. [15]. Yet, it remains unclear as to 1) why the MV has this distinct 

pattern of layers, 2) what the respective mechanical roles of each layer are, and 3) how does 

these patterns relate to the bulk macro-scale responses.

The underlying layer-specific differences in mechanical properties are a result from the 

constituent fiber populations. Type I collagen is the most abundant protein found in MV 

tissue, and it is the major determinant of its mechanical behavior [16, 17]. The functional 
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subunit of collagen is the collagen fibril, which composed of tropocollagen molecules that 

arrange themselves into a quarter stacking array [16, 17]. It is this structure that allows 

Small Angle X-ray Scattering (SAXS) studies to measure the underlying fibril deformations 

for tendon [18, 19] and MV leaflet tissues [20, 21]. At the next structural level, the collagen 

fibrils group to form collagen fibers. There is an incomplete understanding regarding the 

functional relationship between collagen fibers and the fibrils. In fact, the exact definition of 

collagen fibers in relation to fibrils is usually tissue specific. Like the fibrils from which 

their functional properties are derived, collagen fibers exhibit tensile strength of up to 1 GPa 

[22–25] with low flexural stiffness [26]. As a result, collagen fibers typically extend by no 

more than a 4–5%. To increase the tissue-level compliance, collagen fibers at the 

macroscopic scale become sinusoidally crimped [16] and does not contribute mechanically 

until fully straightened. Moreover, the distribution of collagen fiber-level straightening 

strains is the mechanism for tissue-level non-linearity [27, 28].

In contrast to collagen, elastin forms complex cross-linked fibrous networks with 

comparatively low modulus that are thought to assist in tissue recoil [29, 30] and 

maintaining collagen fiber crimp [31, 32]. Unlike large arteries, elastin is present in much 

lower quantities in valvular tissues compared to collagen [26, 31, 33, 34] and its role in 

valve mechanics is not well understood. Finally, we note that glycosaminoglycans (GAGs) 

are known to affect water retention and hysteresis in valvular tissues [35, 36], with the loss 

of GAGs known to reduce cuspal thickness and diminish rehydration capacity. However, 

GAGs are not a primary load bearing component, but appear act as a dampening mechanism 

to smooth rapid bending motions of the leaflet during valve function [36].

Thus, a more complete understanding of MV function and failure must involve an improved 

understanding of how the above MV leaflet structures mechanically interact. This is best 

done through the mathematical development constitutive models that incorporate these 

features, which can aid both in providing insight and in forming a predictive modeling 

framework for their remodeling and failure. In the present, work we developed a novel 

comprehensive meso-scale (i.e. at the level of the fiber) structural constitutive model 

(MSSCM) for MV leaflets, focusing on the specific collagen and elastin fiber networks 

within each of its four distinct layers. We used a comprehensive set of structural and 

mechanical studies (Table 1) and a rigorous experimentally guided approach to tackle model 

formulation, parameter optimization and model validation (Fig. 1). The results were then 

validated at both the micro (fibril) and tissue-level using a novel approach based on a 

previous SAXS study on the mitral valve [20, 21], and again at the meso-scale using 

measured fiber structures. We also explored a novel extension to previous structural 

constitutive model approaches [37–40] to allow for angular dependency of collagen fiber 

recruitment (orientation-variant) and assessed the model predictive capabilities under extra 

physiological loading that could occur in post-surgical scenarios.

2. METHODS

2.1 General consideration and assumptions

2.1.1 Collagen fibrils and fibers—In the present work, we assumed that the collagen 

fibrils were contiguous subunits of the collagen fibers, so that there was negligible slippage 
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between fibrils. To characterize the straightening behavior of the fiber-level crimped 

structure [27, 39–45], we use only the fiber axial stretch needed to fully straighten the fiber, 

slack stretch, rather than the period and amplitude of the collagen fibers. This avoids the 

necessity of incorporating detailed unloaded geometry for the collagen fibers.

In most structural models, the distribution of collagen slack strains (the recruitment 

distribution) is assumed to be independent of the orientation. This approach has the 

advantage of allowing collagen fiber recruitment model parameters to be determined directly 

from a single planar equibiaxial strain (EB) tests, where the deformation gradient tensor is 

F=diag[λ,λ,1/λ2] and no fiber rotations occur (e.g. [39]). For bovine pericardium, we have 

shown that when the collagen fiber orientation distribution function (ODF) is obtained 

independently, the complete in-plane response can be predicted [40]. However, some 

angular dependence may be physiologically relevant for general tissues. For example, 

collagen fibers are constantly produced and degraded under physiological stresses, and 

generally prefer to function within homeostatic stress levels [46]. Moreover, MV leaflets 

experience large and highly anisotropic deformations in-vivo, which would induce 

substantially higher fiber ensemble stresses in the larger strain direction [3, 8]. We thus 

speculate that collagen fibers may exhibit larger undulations in the directions of larger 

physiological strain to maintain a constant fiber ensemble stress. However, the exact 

dependence of collagen recruitment on fiber orientation remains unknown and has yet to be 

explored in the literature.

For the collagen fiber material model, a stress-strain relation that is linear in 2nd Piola 

Kirchhoff stress and Green Lagrange strain is the predominant fiber model of choice [40, 41, 

47]. However, SAXS studies of intact tissue shows that the fibril strain varies linearly with 

applied forces in tendon [18, 19] and MV leaflet tissues [20, 21]. Furthermore, the results 

are corroborated by the atomistic modeling results by Buehler [48], where the force 

displacement relation is essentially linear at strains lower than 0.35.

2.1.2 Elastin fiber network—Elastin fibers function through an entropy-driven process 

wherein the decrease in entropy drives the increase in fiber stress as the fiber is elongated. 

As of yet, there is no first-principle form for elastin when modeled either as a continuous 

phase or a discrete fibrous network. Typical MV models are either purely phenomenological 

or ignore the elastin component entirely. In a previous study on ovine pulmonary artery [39], 

we found the elastin fibers to behave linearly in second Piola-Kirchhoff stress and Green 

Lagrange strain. However, the specific form of the elastin likely depends on a variety of 

factors including cross-linking and residual strain. Moreover, it is not clear if there are layer-

specific differences, and thus a more general material model for the MV elastin fiber 

network is needed.

2.1.3 Affine kinematics and layer averaged responses—As in previous structural 

approaches, we assume affine fiber kinematics. This assumption is supported by a recent 

study wherein we demonstrated that the MV anterior leaflet collagen and elastin fibers all 

deformed in a manner consistent with affine deformation kinematics [49]. We further 

assume each layer is structurally homogeneous (i.e. ignore intra-layer structural variations). 
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Thus, and in order to derive the total individual layer response as a function of its collagen 

and elastin components, the following information was used (Table 1):

1. The mass composition of each layer, including the quantities of collagen and 

elastin.

2. The ODF for the collagen and elastin fibers within each layer.

3. The recruitment behaviors of the collagen fiber network for each layer.

Finally, the following assumptions were made according to the current understanding of 

heart valve leaflet tissues:

1. All layers are tightly bonded with no slippage, similar to what is observed in the 

aortic valve leaflet [50].

2. There are no mechanical interactions between layers and that they deform with the 

bulk tissue.

3. The collagen fiber modulus is the same for all layers and that the differences in 

collagen mechanical contribution response are due to variations in structural 

organization.

4. Fiber-fiber interactions are negligible.

5. Fiber-matrix interactions are negligible.

2.2 Constitutive model formulation

2.2.1 Single fiber models—Based on the above considerations (see section 2.1.1), the 

following linear force-displacement relation for the collagen fibrils and fibers was used

(1)

where Pf and Sf are the 1st and 2nd Piola Kirchhoff fibers stresses, ηc is the collagen fiber 

modulus, λf and Ef are the fiber stretch and Green’s strain, λt and Et are the true fiber 

stretches and Green’s strains, and λs and Es are the slack fiber stretches and Green’s strains. 

For the elastin fibers, based on Section 2.1.2 and our previous work on the pulmonary artery 

[39], we use the following generalized form

(2)

Here ηe is the elastin fiber modulus and d is the exponent that determines the degree of non-

linearity of the fiber. This allows us to alter the stress strain relationship of the fiber based 

on the mechanical and structural data acquired.

2.2.2 - Fiber ensemble models—As in previous works [27, 40, 47], we scale up to the 

tissue-level by first considering an ensemble of collagen fibers, which is defined as a sub-

group of fibers that share a common initial orientation n0. Collagen fiber recruitment is 
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commonly assumed to be independent of n0, i.e. is orientation-invariant [39–41, 47]. To 

evaluate the hypothesis that there may be angular variations is due to homeostasis (2.1.2), 

we developed the following generalized framework for orientation-variant fiber recruitment. 

The fiber recruitment distribution function D[Es(n0)] is a function of the fiber slack strain Es 

and orientation n0, and is represented by a beta distribution function. D[Es(n0)] was 

parametrized by a mean μr, a standard deviation σr, and was defined over a strain range 

bounded by the lower- and upper-bounds Elb and Eub. The general form given by

(3)

where the parameter vector is ξ = (μ,σ,Elb,Eub). Here, B(α,β) is the Beta distribution function 

with shape parameters α,β. The interrelationships between the two are

(4)

It should be noted that the parameters in Eqns. 3 and 4 are functions of the initial fiber 

ensemble orientation n0, so that ξ = (n0).

While comprehensive, Eqns. 3 and 4 present difficulties in actual implementation by either 

direct experimental measurement or parameter estimation [51]. However, the equations can 

be reduced using the assumption that the ensemble stresses are constant with orientation. 

Here the ensemble strain Es is scaled by the maximum ensemble strain Emax(n0) in the fully 

loaded state

(5)

where the parameter vector is now ξ̄ = ξ̄(n0) = (σ̄,μ̄,Ēlb,Ēub), which is non-dimensionalized 

as indicated by the overbar. Using this form, the same fraction of fibers is recruited for each 

fiber ensemble at the maximum strain and the ensemble stresses becomes approximately 

constant with orientation. This form also requires no additional parameters. In addition to 

the above analysis, we utilized the standard orientation-invariant approach [39] defined as

(6)

For both forms, the resulting ensemble stress is given by
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(7)

Finally, since elastin fibers are straight (i.e. not undulated like collagen fibers), the elastin 

ensemble stress is simply .

2.2.3 - Complete layer and full tissue forms—The strain energy of collagen and 

elastin fibers for each layer is given by the sum of the fiber ensembles weighted by the fiber 

ODF Γ(θ) and mass fraction with respect to each layer ϕ. Γ(θ) is approximated using another 

beta distribution function with a mean μ and standard deviation σ [39]. Since Γ(θ) is nearly 

symmetric, the shape parameters α and β are forced to be equal (Eqn. 4), thus μ ̄ = 0.5 at all 

points. A remainder function is then used to ensure θ∈[μ−π/2, μ+π/2], before normalizing it 

to the domain of the beta function y∈[0,1], yielding

(8)

where B is the Beta function.

Next, we define the tissue “matrix” as PG, GAGs, and water into a homogenized single 

phase and represented using an incompressible Neo-Hookean model. The resulting matrix 

stress tensor, assuming a planar configuration and no distinctions between layers, is Sm = ηm 

(I − C33C−1). This phase is necessary to enforce incompressibility and to obtain accurate 

results in computational simulations [47]. The resulting total tissue stress, weighted by the 

mass fractions ϕ, is given by

(9)

where the superscript L indicates the layer and the parameter list for Eqn. 9 is given in Table 

2.

2.3 Structural characterization

To obtain the mass fractions of the major ECM components for each layer, additional 

porcine MV leaflets (n=3) were harvested from a local slaughter house and immediately 

transported for sectioning. Transverse sections from the central region of each leaflet were 

stained using Movat’s Pentachrome stain (Fig. 2), and then imaged using light microscopy 

to determine the relative thickness of each layer. Color deconvolution was then used to 

separate the collagen (yellow), elastin (Black), and PGs (Blue). The relative area fraction in 

each layer was determined using the total color intensity (Table 3). ODFs for both collagen 
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and elastin fiber networks were quantified by SHG imaging using methods described by 

Carruthers et al. [13] (Fig. 2). The resulting orientation distribution functions (ODF) for 

collagen and elastin were obtained using the methods of Courtney et al. [52].

2.4 Experimental mechanical studies

In order to develop a comprehensive model to simulate the leaflets in both physiological and 

surgically altered/pathological conditions, it is necessary to explore the MV properties 

beyond the physiological range. Moreover, no single deformation mode can provide all the 

data needed for parameter optimization. Thus, the following deformation modes were 

utilized.

Uniaxial loading: Under uniaxial loading along the circumferential direction, only the 

highly circumferentially aligned collagen in the fibrosa and ventricularis layers, which 

constitute the bulk of the MV, are loaded. This aided the preliminary examination of the 

collagen fibers mechanics, as the contribution of elastin becomes negligible at high stress. 

To perform these tests, specimens from four anterior MV leaflets were tested under uniaxial 

strain until failure. Each specimen was cut into 5 by 20 mm stripes with the long axis 

oriented along the preferred direction (circumferential) of the leaflet. The specimens were 

clamped at both ends of the long axis with a separation of 13.5 mm to serve as the gauge 

length. The transverse direction was unconfined and allowed to contract laterally. One end 

of the clamps was then displaced at a rate of 0.1 mm/s. The tests were manually aborted 

after the tissue tears. No preconditioning was done and the tissue was not preloaded. To 

measure the internal strains more accurately, an optical marker tracking method was 

used[53]. All testing was done at room temperature in phosphate buffered saline (PBS).

Equibiaxial planar strain tests: EB planar strain kinematics has several important 

advantages for examining the effective stress-strain relations in MV leaflet tissues. Firstly, 

like uniaxial testing, the test can be carried out into the MPa range, exceeding physiological 

stress levels to insure all collagen fibers are fully recruited. Secondly, as there are no fiber 

rotations, one can obtain the fiber ensemble response under the assumption of orientation-

invariant fiber recruitment [39, 40, 47]. This allows direct estimation of the orientation-

invariant fiber recruitment function and effective fiber modulus.

To obtain the requisite EB strain data, porcine MV specimens were harvested from a local 

slaughter house and immediately transported for testing. 10 mm by 10 mm sections were 

taken from the center region of each leaflet and mounted to a custom-built biaxial device 

[54, 55] with the circumferential and radial directions aligned to the device axes. The 

specimens were immersed in PBS and tested at room temperature. The strain was 

determined via four fiducial markers glued to the central region of the specimen [53]. The 

free-floating state was used as the stress-free reference state, while a preload of 1g was 

applied for testing purposes. Starting at 10% strain, each specimens was tested for ten 30 

second cycles with the tenth cycle taken as representative. The maximum strain was then 

systematically increased until a linear stress-strain region was observed. A total of 7 anterior 

and 7 posterior porcine MV leaflets were tested.
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Full in-plane responses: To obtain the necessary mechanical data for full parameter 

estimation, a comprehensive set of planar biaxial mechanical data was obtained that 

encompassed the extra-physiological range. Porcine MV specimens were harvested using a 

protocol similar to the EB strain testing above. Following mounting, these specimens were 

first preconditioning for 10 cycles at 90 N/m. The specimens were then unloaded, and the 

post-preconditioned free-floating state was used as the stress-free references state. Similar to 

the above, a preload of 1g was applied for testing purposes. For each loading path, the 

specimens were loaded to a maximum membrane tension of 90 N/m for ten 30 second cycles 

with the last cycle taken as representative [54, 55]. Circumferential (x1) to radial (x2) ratios 

of P11:P22= 1:2, 3:4, 1:1, 4:3, and 2:1 were used, with two additional extreme loading 

protocols that represented extra-physiological ranges of 1:10 and 10:1 to evaluate the 

MSSCM predictive capabilities.

Collagen fiber ensemble analysis using SAXS: One way we can assess the intrinsic 

mechanical properties of collagen fibers, dissociated from the effects of crimping, is using 

fibril-level measurements from SAXS. We thus utilized extant data from a porcine MV 

study by Liao et al. [20, 21] to validate the collagen modulus and recruitment. The 

experiment was performed on MV anterior leaflets specimens, which were loaded under EB 

stress. SAXS was used at each load step to measure the fibril strain. Experimental details 

have been provided in [20].

2.5 Parameter estimation

2.5.1 – General considerations—Obtaining the true global cost-function minimum can 

become exceptionally difficult for highly nonlinear models with a large number of 

parameters, such as Eqn. 9. This will often include issues such as parameter covariance and 

the presence of local minimas. We thus developed the following detailed sequential 

procedure for parameter estimation using observations from the structure of the MV leaflet 

(Section 2.3).

Firstly, the ventricularis is rich in both elastin and collagen, with a relatively narrow ODF 

and a preferential orientation in the circumferential direction for both fiber types (Fig. 2). 

Secondly, the fibrosa, comprising the bulk of the MV leaflet, contains mainly collagen fibers 

highly aligned to the circumferential direction with almost no elastin except for trace 

amounts near the spongiosa. Thirdly, the spongiosa contains relatively small amounts of 

elastin and collagen, both of which are randomly oriented, and is predominately composed 

of PGs and GAGs. Fourthly, the atrialis contains the largest population of elastin and some 

collagen, both of which has a narrow ODF and oriented along the radial direction. Fifthly, 

since the collagen and elastin fibers in the ventricularis and fibrosa were observed to have 

very similar ODFs, they cannot be separated reliably from a parameter optimization 

standpoint. Thus, the small amount of elastin in the fibrosa was considered part of the 

ventricularis elastin, and the collagen in the ventricularis was considered part of the fibrosa 

collagen. Also, since the collagen and elastin fibers in the ventricularis and fibrosa were 

found to be identically aligned and orthogonal to the atrialis, their respective preferred 

directions were fixed during parameter estimation.
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2.5.2 - Modifications for collagen fiber recruitment bounds—As observed in both 

uniaxial and EB strain data (Fig. 3), a gradual increase in collagen fiber recruitment and a 

transition to a linear stress-strain response were clearly visible. In preliminary studies of the 

collagen fiber recruitment probability function D(Es), we observed that when the lower-

bound Elb was sufficiently distant from the mean μr, the overall shape of D(Es) did not 

change significantly with further decreases in Elb. Thus, to reduce the number of parameters, 

the lower-bound of the distribution was set to Elb = 0.

2.5.3 - Elastin fiber model—To determine the elastin fiber model (Section 2.1.2, 2.2.1), 

we utilized the low stress region of the mechanical response. Due to the collagen fiber 

recruitment, we can retroactively determine the Elb of the recruitment distribution as the 

point when the cumulative distribution is less than 1% (typically less than 3–8kPa). Since 

collagen does not contribute significantly in this region, the response in this region can be 

considered entirely due to elastin (Fig. 4a). In pilot studies, we found that d > 1 in Eqn. 2. In 

fact, the exponent for the ventricularis and atrialis layer appeared to be different. Thus, we 

allowed d to vary during parameter estimation rather than being a set to a constant value.

2.5.4 – Parameter estimation part 1 - Collagen fiber recruitment—From the above 

analysis, the number of parameters was reduced to 22 (Table 2). To start of the parameter 

estimation, we took advantage of the simplified kinematics of the uniaxial and EB test data 

to isolate the effects of collagen fiber recruitment in a simplified fiber recruitment model. 

For both datasets, the collagen fiber network in the fibrosa and ventricularis were idealized 

as a family of uni-directionally aligned fibers, with the elastin fibers neglected as their 

contributions to the total stress were insignificant in this loading state. Also note that for the 

EB tests the fiber ensemble stress can be determined directly by [56]

(10)

We assumed in this first step that the recruitment distribution is orientation invariant, so that 

the collagen recruitment function D[ξ,Es] = D({μr,σr,Elb,Eub},Es). Eub was determined by 

the transition point to the linear region (Fig. 3), leaving only μr, σr to be fit in this part of the 

parameter estimation.

2.5.5 – Parameter estimation part 2 - Full planar biaxial mechanical dataset—
Ideally, the measured ODFs Γ(θ) from the same specimen should be directly inserted into 

Eqn. 9. However, in practice, we found that the ODFs had to be fitted to adjust for the 

specimen to specimen variability. Nevertheless, the mean best fitted ODFs can be compared 

to the mean measured ODFs to ensure that the estimate parameters are reasonable 

comparing to the true value. We expedited the process by assuming that the ODFs for each 

specimen is not significantly different from the true measured mean ODFs. Thus, the mean 

ODFs can be used as an initial guess and speed up the convergence to the optimal value. The 

use of a global algorithm will also ensure the optimized parameters do not become trapped 

at the mean value. Similarly, the estimated recruitment distribution D(ξ,x) is also obtain 

from independent specimens. The recruitment distribution parameters ξ are again used only 

as initial guesses and parameter validation.
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Taking a similar approach to Fata et al. [39], we first examined the equibiaxial stress 

protocol (P11:P22 = 1:1), which is the best approximation of the in vivo loading state of the 

MV. The low stress region as defined in 2.5.3 was used to fit the elastin (Fig. 4a). This is 

easily identified as the nearly linear response before the exponential like collagen response. 

Furthermore, due to limitations concerning the elastin model form, where the elastin 

response can increase exponentially to unrealistically surpass the response of the collagen, 

the exponent parameter d for the elastin (Table 2) was constrained to be less than 3.5. Next, 

the remaining high stress region was used to fit the collagen fiber response independently. 

Using this coupled approach, we were able to minimize the search space to the 12 

parameters associated with collagen (Table 2). Once a reliable estimate of the parameters 

was obtained for this protocol, the inner 3 protocols (3:4, 1:1, 4:3) were fit using the existing 

parameters as the initial guess. We then progressed to the remaining “physiological” 

protocols (1:2, 3:4, 1:1, 4:3, 2:1) once again keeping the previous parameters as the initial 

guess to obtain better estimated parameters.

Preliminary attempts demonstrated that gradient algorithms were unable to converge to the 

proper solution and tended to become unable to handle local minimas. As a result, we 

employed the genetics-based Differential Evolution algorithm in Mathematica to perform 

the optimization, similar to Fata et al. [39]. To narrow down the search space and guide the 

optimization, initial guess was derived from the above mechanical studies (Section 2.4). 

Parameter estimation was performed using a custom program written in Mathematica 

(Wolfram Research Corp.).

2.6 Model validation

The mean fitted fiber ODFs Γ(θ) from each layer of the MV anterior leaflet were compared 

to the measured ODFs obtained from SHG imaging (2.3). Since the orientation of the fibers 

are referenced to the laboratory testing or imaging configurations for the mechanical and 

imaging data respectively, which may be different, the preferred direction of the Γ(θ) were 

rotated to μθ = 0° to give the appropriate comparison. Next, in the SAXS study [20, 21], the 

average fibril strain for all fibrils in the leaflet, , where  is the mean true 

stretch of the fibrils, was measured. Since the loading protocol was equibiaxial stress 

(P11:P22=1:1), the tissue was in an anisotropic strain state, with each fiber ensemble 

experience different ensemble strain. Additionally, the fiber slack strain reduces the 

effective stiffness of the fibrils at the tissue-level (Eqn. 1). Hence we needed to incorporate 

the Γc(θ) as well as collagen fiber recruitment distribution (D(ξ,x)) in the SAXS simulations. 

The correct fiber modulus (η) is also necessary to determine the tissue-level stress. 

Therefore, SAXS gives us an independent method to validate the collagen network model 

used in this study.

To simulate the full SAXS response, as compared to those measured by Liao et al. [20], we 

assume standard affine kinematics (2.1.1)[49]. Thus the fibril stretch is equal to the true 

stretch of the collagen fibers. Using structural parameters determined from parameter 

estimation, we simulated a population of fibers based on the fiber ODF and collagen 

recruitment distributions. The fibers were then deformed based on the EB tension protocol. 

This corresponds to a mean true fiber stretch given by
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(11)

The resulting mean fibril strains  were plotted against the measured tissue-level 

stresses and compared to the SAXS εfibril [20].

2.7 Statistical Testing

Standard independent two-sample t-tests were used to determine the statistical significance 

of the results.

3. RESULTS

3.1 – Uniaxial and EB strain Analysis

It was observed under these tests that the resulting stress-strain responses transitioned to a 

linear region prior to failure (Fig. 3). This observation supported the use of a collagen fiber 

recruitment model for MV tissue (Section 2.1.1). Under EB strain testing kinematics, full 

recruitment was reached on average at a mean and standard deviation value of 0.284 ± 0.047 

in Green’s strain and 782.1 ± 121.5 kPa in ensemble stress for the anterior leaflet. For the 

posterior leaflet, full recruitment strain was achieved at 0.2730 ± 0.0156 in Green strain and 

1434.0 ± 165.4 kPa in ensemble stress. The posterior leaflet appeared to recruit more 

gradually than that of the anterior leaflet, with an average σr (the standard deviation of the 

collagen fiber recruitment function) of 0.0231 ± 0.001 in Green strain compared to 0.015 ± 

0.003 for the anterior leaflet. In comparison, the average maximum tensile strength under 

uniaxial loading along the circumferential direction for the anterior leaflet was 2,220.1 ± 

794.5 kPa. This suggests that the stress required to tear the tissue is approximately three 

times higher than the stress required to reach full recruitment on average.

3.2. Parameter estimation

For the fitted parameters obtained from uniaxial extension and EB strain datasets (section 

2.5.4, Table 4 and Table 5), we observed similar collagen modulus ηc for both tests. There 

appeared to be a shift in strain for the recruitment parameters values due to the differences in 

testing methodology. For all specimens tested under the full planar tension test protocols, 

they demonstrated a clear toe region at stresses below ~7 kPa. This gave us a good initial 

estimate of the elastin response in comparison to the final fitted values, while fitting the high 

stress region resulted in recruitment parameter values that were consistent with EB strain 

testing (Fig. 4a). The fit of the full model (Eqn. 9) (Fig. 4b) had a very good mean R-

squared value of 0.964 for the anterior leaflet and 0.951 for the posterior leaflet (Tables 3 

and 4). The full model (Eqn. 9) was used to predict the stress of the extra-physiological 

protocols and obtained similar results (Fig. 4c,d). The modulus of the collagen fibers was 

found to be 164.0 ± 16.4 MPa for the anterior and posterior leaflets under planar tension, 

which is comparable for all mechanical data (Fig. 5a, Tables 4–7).

Next, we compared the result for the two collagen fiber recruitment models: orientation-

invariant (Eqn. 6) and orientation-variant (Eqn. 5). Interestingly, we found no major 
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difference between these modeling approaches (Fig. 6). The R-squared value of fit was very 

good for both models (R2 = 0.996 vs 0.988 for Eqn. 6 and Eqn. 5 respectively). There were 

no significant difference in the predicted collagen fiber modulus ηc (Fig. 6a) and the 

collagen fiber Γ(θ) shows only a difference of 0.44° in  for the atrialis and 1.21° in  for 

the fibrosa (Fig. 6b). Furthermore, the collagen fiber recruitment distribution D(ξ,x) when 

scaled to the same range [0,1] by their upper-bound value (Fig. 6c) were similar for either 

case.

The optimal recruitment parameters for both the multi-protocol data and the EB strain data 

were very similar (Tables 5–7). We found no significant differences in the averaged 

standard deviation of recruitment, σr, between the anterior and posterior leaflets for either 

tests (Fig. 5b). There were minor differences in the distributions due to the way the upper-

bound parameter was determined. The analysis of the EB strain kinematic state was done 

visually, where the upper-bound may have been underestimated. For analysis of the stress 

controlled planar biaxial tests, which does not reach full recruitment, the upper-bound was 

predicted by the parameter estimation algorithm and tended to be slightly overestimated. 

Uniaxial testing instead shows a very different recruitment response (Table 4). This is most 

likely due to the vastly different testing modes, where the differences in preconditioning and 

gauge length result in a drastically different reference state for the fibers. Additionally, fiber 

rotation effects in the uniaxial testing slow the recruitment of fibers away from the test axis 

and produce a greater standard deviation for the recruitment distribution. We however 

observe in trend that the posterior leaflet recruits slower than the anterior leaflet (Fig. 5b), 

possibly due to differences in their role mechanically during valve closure.

3.3. Parameter validation

Perhaps the most important validation finding was that the simulated SAXS response (Eqn. 

11), using the best fit parameters, matched very well to the MV SAXS data from Liao et al. 

[20, 21] (Fig. 7). The squared correlation coefficient was computed (r2 = 0.971), and we 

found no statistical significance (p = 0.285) between the two curves. To assess the 

sensitivity of the SAXS simulation (Eqn. 11), the origin recruitment distribution parameters 

 and  were shifted by ± 0.01 in Green Lagrange strain, and the standard 

deviation of the collagen fiber ODF  was adjusted by ± 1° (Fig. 7). Despite 

the perturbation being so small, there was a 54% increase in the slope of the simulated 

SAXS response when the mean and upper-bound of the recruitment was increased by 0.01, 

and a 38% decrease in slope when the parameters were decreased by 0.01. Similarly, the 

slope decreased by 17% when  was increased by 1°, and increased by 20% when 

decreased by 1°. An estimate of the fiber modulus for the MV SAXS data was made by 

comparing against the simulated data. No statistical significance for the collagen fiber 

modulus between any mechanical tests or between either leaflets was found. In addition, the 

predicted ODFs Γc(θ) and Γe(θ) compared very well with the SHG measurements, with 

standard deviations differing by no more than 3 degrees (Fig. 8). Thus, despite the model 

complexity, these validation results suggest that the parameters were sufficiently 

independent and each can be accurately determined as a representation of the mechanical 

behavior of the MV.
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3.4 Differences between layers and leaflets

All ODFs Γ(θ) of the ventricularis, fibrosa and atrialis were much narrower in the anterior 

leaflets than the posterior leaflets (Fig. 9). To estimate the mean ensemble elastin response, 

each elastin ensemble was scaled by the principle strain at maximum loading under EB 

stress and then averaged. Like the structural differences between the anterior and posterior 

leaflets, the mechanical response of ventricularis was much stiffer in the anterior leaflets 

comparing to the posterior leaflet (Fig. 10). On the other hand, the atrialis was stiffer in the 

posterior leaflet (Fig. 10). For the overall layer contributions, the mechanical response of the 

circumferential direction is mainly due to the elastin in the ventricularis at lower stress and 

the collagen within the fibrosa at high stress, whereas the radial direction is a combination of 

collagen fibers in the fibrosa as they extend and rotate under physiological loading and 

collagen in the atrialis at higher strains (Fig. 11). The mechanical contribution from the 

spongiosa was, as anticipated, negligible for both leaflets.

4. DISCUSSION

4.1 – Modeling approach and major findings

In the present study, we developed a novel layer-specific meso-scale structural model of the 

MV leaflets starting from the fiber-level. The mechanical response at the layer- and tissue-

level is driven by structural measurements and observations obtained from SHG and 

histology. We then utilized an extensive experimental mechanical database that included 

uniaxial, planar EB strain, and a comprehensive set planar biaxial stress test protocols. This 

approach allowed us to properly evaluate the mechanical properties of MV tissues and to 

form a complete dataset for parameter estimation. All information was then integrated to 

form a predictive model for the MV leaflet tissues.

4.2 – Model validation

Novel to this study was the use of the MV SAXS data [20, 21] to validate the predicted 

collagen fiber modulus and fiber recruitment (Section 2.6). SALS techniques have been 

previously used to obtain the orientation of fibrous structures in biological tissues [57]. 

However, the wavelength of light (in the hundreds of nm) is much too large in comparison 

the size of the fibrils, which have a D-period of approximately 64 nm [42, 58, 59]. SAXS, 

on the other hand, utilizes a wavelength of 0.1–0.2 nm, and provides a direct way of 

measuring the collagen fibril D-period, and thus the fibril strains [18–21]. In response to 

tissue-level deformation, the fibril strain depends on both its orientation and slack strain 

(Section 2.6). Therefore, the MV SAXS simulation can provide an independent way of 

validating the MSSCM collagen model component. Both the good agreement and sensitivity 

to accurate measures (Section 3.3, Fig. 7) provides additional confidence in our approach 

beyond basic measures such as goodness of fit. In particular, this lends confidence to the 

fiber/fibril kinematics used in the present form of the MSSCM, and suggests that the fibrils 

do indeed form contiguous, tightly bounded fibers and undergo minimal slipping.

It is also important to note that it is difficult to directly combine measurements at multiple 

scales, such as fibril strain as measured by SAXS and the applied tissue-level membrane 

stress, and interpret them directly. In this case, we cannot approximate the modulus of 
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collagen fibrils using the slope of the tissue-level stress – fibril strain curve. Although we 

assume every fibril has a similar modulus, the apparent modulus of collagen fibrils at the 

tissue-level decreases in response to increase in the slack stretch (Eqn. 1). Thus 

interpretation of such results requires careful analysis of the structure and kinematically 

related mechanisms of the tissue. Finally, we also validated the fiber Γ(θ) against optical 

SHG measurements, which demonstrated very good agreement (Fig. 8). To the authors’ 

knowledge, this is the first time macro/micro validations of this kind have been performed 

for any soft tissue

4.3 – Collagen fiber modulus

As the most important load bearing component of soft tissues, the structure and properties of 

collagen is of major interest. One specific property is the modulus of the collagen fiber, 

which when combined with the level of fiber undulation, determines the macroscopic 

behavior of the collagen network at the tissue-level. Given that type I collagen fibers forms 

the common building blocks for the bulk of the MV tissue (Fig. 2), the modulus serves both 

as an important validation for the results of the model and predicting the correct behavior of 

the tissue under complex loading conditions. There have been many attempts to measure the 

stiffness of collagen fibers in the literature [22–25, 60, 61]. These measurements come in 

two forms: 1) models at the tissue-level and 2) direct measurements at the fibril-level. 

Measurements at the tissue-level can be inaccurate, as they demand an extensive 

understanding of biomechanics of the tissue, physically accurate models of the mechanical 

behavior and detailed measurements of the structure and composition. On the other hand, 

there is currently no method for the real time estimation of the instantaneous cross sectional 

area of collagen fiber or fibrils. Current measurements are typically done a priori [23] or a 

posteriori [24], and can have significant impact on the results. These measurements also 

require highly accurate and noise insensitive instruments operating at the micrometer and 

nanometer scale. As such, these experiments are typically done using techniques such as 

atomic force microscopy (AFM) and have a large variability for the resulting numbers. 

Nonetheless, these measurements serve as an important reference for any results measure at 

the tissue-level, and the current literature paints a distinct picture.

For the most part, these findings fall into two distinct categories: 1) the dried properties at 

the 2–10 GPa range and 2) hydrated properties at the 200–900 MPa range. This difference in 

stiffness is due to water acting as a plasticizer in collagen fibrils [62]. Using AFM, Yang et 

al. [60] found a stiffness of 1.4 GPa for non-cross linked fibrils and 3.4 GPa for cross-linked 

collagen fibrils in the bovine Achilles tendon. Similarly, Wenger et al. [61] found collagen 

fibril stiffness of 5 GPa – 11.5 GPa in rat tail tendon. However, in both papers the fibrils 

were dried under ambient conditions and nitrogen, respectively. On the other side, Shen et 

al. [22] found a modulus of 860 ± 450 MPa for collagen fibrils obtained from sea cucumber 

dermis. In the study by Gentleman et al. [23], they found a modulus of 269.7 ± 11.9 to 484.7 

± 76.3 MPa for collagen fibers in the bovine Achilles tendon, varying with the fiber 

diameter, but only for the cross-linked fibers. Eppell et al. [24], found a modulus of 0.5 to 

0.4 GPa at low strain (0.05 – 0.30) but can increase to up to 12 GPa at high strain. In these 

cases, the fibrils were hydrated before testing. This effect has also been studied using 
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electrospun collagen scaffolds, where Yang et al. found that the fibril modulus decrease 

from 1.3 –7.8 GPa to 0.07 – 0.26 GPa when hydrated [25].

In present study we found the collagen fiber modulus to be between 132.5 – 167.3 MPa. In 

our estimation of the collagen volume fraction, we assumed the tissue is entirely composed 

of collagen, elastin and proteoglycans. While this serves as a good estimation of the relative 

composition of the MV, fluid constitutes 81.8% of the total mass of the MV anterior leaflet 

[33]. Additionally, using the dry mass is not a viable alternative as the fibers may have 

shrunk when they are dried [63]. As such, we chose the current approach to provide an 

unbiased effective collagen modulus for the MV. This value is not applicable to other tissues 

with significantly different structural composition and may explain minor differences in the 

modulus estimate for the anterior and posterior leaflet. When the residual volume is taken 

into account, it is not difficult to imagine the estimated modulus to be 2–4 times higher than 

the value reported, allowing it to fall in line with the modulus of the hydrated collagen fibrils 

in other studies. This suggests that the model is reasonably accurate in estimating the 

mechanical properties of the collagen fibers. Furthermore, there were no statistical 

significance between the fiber modulus for either leaflet, which is reasonable given that the 

majority of collagen fibers are type I. Finally, that the assumption of minimal fiber-fiber and 

fiber-matrix interaction appears to be essentially correct. This is consistent with the ability 

for the fibers to rotate and extend freely with applied forces, keeping the effective tissue 

modulus low so the leaflets can coapt as necessary for valve function.

4.4 – Collagen fiber recruitment

While type I collagen naturally occurs in a crimped state, the bending stiffness as the 

collagen fiber unravels is typically small enough to allow us to use the recruitment approach 

[27, 39–45]. Novel to recruitment approach, we propose an angle variant recruitment 

distribution based on the hypothesis that the ensemble stress will be limited to a small range 

due to homeostasis. Current experimental techniques do not easily allow for direct 

measurement, and distinguishing individual fibers is difficult and sometimes required to be 

specified manually [51]. Determining whether a fiber is straightened is also problematic. For 

best accuracy, the fiber must lay in the plane of the image. The planar projection of a fiber at 

an angle with the plane of the image creates a misrepresentation of the tortuosity of the fiber. 

Additionally, the tissue must be loaded under EB strain with no shearing. Failure to do so 

will result in different strain for each fiber ensemble, thus the tortuosity of fibers at different 

angle cannot be referenced to the same strain. These issues are further magnified when 

quantifying angular variations. In the end, direct measurement methods are best served as a 

preliminary estimate for modeling purposes.

Assuming that the ensemble stress of collagen fibers is constant with orientation due to 

homeostasis, both the current model (Eqn. 5) and the orientation-variant model (Eqn. 6) 

produce similar results for the MV leaflets; the quality of the best fits (R2 = 0.988 vs 0.996) 

are very comparable for both models. We hypothesize that this is due to the narrow splay of 

the collagen fiber ODF in the MV and thus the ensemble stress was effectively constant over 

this range for both models. This simplifies the recruitment distribution function for 

implementation in MV simulation and measurement via experimental means. Also, by 
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assuming orientation-variance in Eqn. 5, the parameters are expressed as a percentage of the 

maximum ensemble strain, which is not an intuitive quantity. Thus, the parameters 

determined from Eqn. 5 are best served as an approximation, rather than any physically 

accurate quantity. Therefore, we refocused the results as if the recruitment strains are 

invariant with angle (Eqn. 6), which has a more interpretive physical meaning. In either 

case, the theory then dictates that the tissue should exhibit a linear response once all fibers 

are straightened under EB strain loading. Indeed, this is observed in the MV for both the 

anterior (Fig. 3) and posterior leaflet.

For each leaflet tested under EB strain and uniaxial extension, the stress strain curve 

transitions to linear in P-F [18–21]. For the anterior leaflet this transition point occurs at 

782.1 ± 121.5 kPa in 2nd Piola Kirchhoff or 1243.8 ± 220.8 kPa in Cauchy stress. Our 

inverse model using a full collagen mapped transverse model shows that the peak 

circumferential stress is at 241.4 ± 40.5 kPa and the peak radial stress is at 432.6 ± 46.5kPa 

[64]. While it is not possible to produce the equivalent ensemble stress for the in vivo data, it 

is estimated that only 20–40% of fibers are recruited under physiological stress. This 

substantial structural reserve is likely an adaption to maintain structural integrity for when 

the body is under extraneous physiological stress or attempt to maintain basic function in 

cases of heart diseases.

4.5 – Elastin fiber network response

There is no established constitutive model form for individual elastin fibers in valvular 

tissue. We have taken a similar approach to modeling the fiber ensembles in the ovine 

pulmonary arteries [39]. However, in the MV, we noticed a slight nonlinearity in the pre 

collagen fiber recruitment response contrary to that of the pulmonary arteries [39]. It is not 

clear what the reason behind this is. Likely the cross-linking, both between and within a 

fiber in the elastin network, is different in order to fulfill the different functions for each 

tissue. To fit the low stress region, an exponential or power law is necessary. We chose the 

power law so we can constrain the order of the nonlinearity. This may result in some error 

when predicting and extrapolating past the range of the data. However, the stress 

contribution of elastin peaks at around 5– 15 kPa at maximum stretch, which is much less 

that of the collagen (Fig. 4a), so this should not be a significant effect. The collagen also 

essentially functions as a stopper, putting a constraint on the maximum extension of the 

leaflets (especially in the circumferential direction). For this reason, the material model of 

the elastin this should not be a problem for the predictive capabilities of the model in most 

applications.

Another interesting result is that the exponents of the elastin model differed between the 

layers and between the leaflets. This may be evidence of residual stress or strain between the 

layers. For the aortic valve, Stella et al. [34] noted that the elastin dominant ventricularis of 

the leaflet contracted by 10.9% and 8.2% in the radial and circumferential direction while 

the collagen dominant fibrosa elongated by 28.2% and 4.8% in the radial and 

circumferential direction after layer separation. Similar effect likely exists in the MV and the 

additional strain will result in a higher apparent stiffness due to the nonlinearity in the stress 

strain response. Thus the difference in the atrialis and ventricular of each leaflet may, at least 
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in part, be due to this reason. It is interesting that the elastin in the anterior leaflet is 

significantly stiffer in the circumferential direction compared to that of the posterior leaflet, 

while in the radial direction it was the opposite. This corroborates with physical 

observations where the ventricularis in the posterior leaflet was much smaller compared to 

the anterior leaflet; sometimes nearly nonexistent. Again, this may be a product of the 

motion of the leaflets when closing.

4.6 – Layer structure and function

In the MV, the anterior leaflet extends to meet the posterior leaflet, while the posterior 

expands much less in comparison [3, 10]. In order to accomplish this, the radial direction of 

the anterior leaflet needs to be able to extend significantly, while the circumferential 

direction needs to be able to maintain its integrity as it meets the posterior leaflet. There are 

a number of ways in which collagenous tissue have adapted to increase extensibility. The 

most common way is through adjustment in the crimping of the collagen fibers. However, 

once fiber recruitment is initiated, the tangent modulus increases rapidly, limiting further 

extension. A second method is through the rotation of fiber ensembles. As the ratio of radial 

to circumferential stretch increases, this induces a rotation of all fibers toward the radial 

direction. The overall effect is similar to recruitment due to crimping, but the tangent 

modulus increases more gradually in comparison. Intriguingly, this adaptation is seen in the 

MV leaflets. For both leaflets, collagen is mostly present in the fibrosa (Fig. 2). This results 

in the majority of collagen fibers being circumferentially aligned. Rather than having 

independent family of fibers each dictating the mechanical response of each direction, this is 

highly coupled (Fig. 11), with the bulk of the stress in the radial direction coming from the 

circumferential splay. However, the collagen fibers in atrialis are still needed for additional 

support. This makes the width of the fibers splay dictate the resulting response. In the 

anterior leaflet, the elastin and collagen fiber splays are narrower (Fig. 9), thus increasing 

the radial extensibility. Comparatively, the wider splay in the posterior leaflet produce a 

slightly more isotropic response resulting in smaller radial extension. Additionally, collagen 

fibers are also recruited faster in the anterior leaflet to further constrain the circumferential 

extension. Overall, collagen primarily functions to limit extension, whereas elastin 

determines the motion of the valve in the low stress region. This is perhaps why the radial 

direction of the anterior leaflet has the lowest stiffness, which allows for the fastest rate of 

extension. Interestingly, elastin is also the stiffest in circumferential direction of the anterior 

leaflet, following a similar trend as the collagen. The elastin in the posterior leaflet is 

likewise more isotropic than that of the anterior.

4.7– Model predictive capabilities

Overall the model demonstrated very good ability to predict the extra-physiological 

protocols (Fig. 4c,d). Using the correct mass fractions, for the ratio of collagen in the fibrosa 

vs the atrialis in particular, was especially important for accurately predicting these extra-

physiological protocols. For predictive purposes, more leeway can be given for the mass 

fraction of elastin. Since the layers are treated completely independent of each other (not 

sharing a single modulus), errors in the mass fraction is absorbed by the modulus.
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4.8 - Limitations

While every effort was made to ensure tissue viability, all studies were performed under in-

vitro conditions. While there appears to be differences between the in vivo properties of MV 

anterior leaflet [65] and the passive properties measured in an in vitro setting [55, 66]. The 

mechanism behind these estimated differences remain unknown. It is unlikely to be due to 

the contractile forces exerted by the MV interstitial cells on the surrounding ECM, which 

appears to be small [50]. Residual stress may be involved, as studies have shown that the 

MV leaflets are also under significant residual strain [3]. Additionally, the viscoelastic 

properties of the MV were not considered in this model, however we have found that the 

leaflet tissues are essentially functionally elastic [54, 55]. Direct validation of the individual 

layer stress contributions is not currently available, as it requires the separation of the 

individual layers, which in itself is a complex task. Additionally, a more sophisticated model 

is also necessary to take into account the effect of residual strain on the mechanical 

response. Nevertheless, we have shown that our models have good predictive capabilities for 

the mechanical response and fiber orientations distributions, and are validated using SAXS 

studies. Overall, this model is a faithful representation of the structural function relationship 

of MV tissues.

5. CONCLUSIONS AND FUTURE DIRECTIONS

In this study, we developed a novel fiber- and layer-specific structurally-driven constitutive 

model of the MV leaflets. The model incorporated fiber ODFs for collagen and elastin, 

collagen fiber recruitment, and related fiber-level mechanical phenomena. The model was 

validated by simulating the SAXS experiments and compared against the measured 

response. The results were consistent and show that the model correctly predicted the 

collagen fibril deformations measured by SAXS. Furthermore, the material parameters 

estimated were also consistent under EB strain testing and uniaxial testing. Thus the model 

is validated both via microscopic and meso-scale measurement. For the MV leaflets, we 

determined an effect modulus of 132.5–167.3 MPa for the collagen fibers which matches 

well with existing literature. This result suggests the tissue structure is an important 

predictor of leaflet function, where the fiber ODF and recruitment couples to determine the 

mechanical response of each leaflet. Moreover, fiber ODF tends to be narrower and the 

recruitment tend to happen over smaller strain range to allow for greater extension in the 

anterior leaflets while maintaining tensile strength. Overall, the model shows very good 

predictive ability and hopes to help in producing more accurate simulations of MV behavior 

in vivo, with the ultimate goal in improving long-term durability of MV repair.

This model may also serve as a baseline for the study of disease and aging valvular tissues. 

Pathological change to biological tissue is a very complex topic. In addition to the variety of 

pathological conditions, the changes due to a common disorder will be different person by 

person. There is not yet sufficient data to fully understand and predict the mechanical 

changes. However, this model can serve as a starting point for analyzing the underlying 

changes due to pathological conditions, when the requisite data become available.

We should note that the utility of the present model lies in the accuracy and details of how 

the various aspects of the MV tissue coordinate to produce the bulk-level response. This is 
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not only important to ECM mechanics but also coupling to the interstitial cell (MVIC) 

population. We have recently shown that simulated MVIC moduli for the four layers were 

found to be all within a narrow range of 4.71–5.35 kPa, suggesting that MVIC deformation 

is primarily controlled by each tissue layer’s respective structure and mechanical behavior 

rather than the intrinsic MVIC stiffness [67]. This novel result further suggests that while the 

MVICs may be phenotypically similar throughout the leaflet, they experience layer-specific 

mechanical stimulatory inputs due to distinct extracellular matrix architecture and 

mechanical behaviors of the four MV leaflet tissue layers. This also suggests that MVICs 

may behave in a layer-specific manner in response to mechanical stimuli in both normal and 

surgically modified MVs. Development of detailed layer-specific models, such as the one 

presented herein, will clearly aid in further our understanding of these phenomena. 

However, for computational implementation, a multi-scale approach [68] will likely be 

needed to make the current implementation computationally tractable.
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NOMENCLATURE

MV Mitral Valve

PG Proteoglycan

GAG Glycosaminoglycans

SAXS Small angle X-ray scattering

SHG Second harmonic generation

EB Equibiaxial

ODF Orientation distribution function

F Deformation gradient tensor

E Green Lagrange strain tensor

P 1st Piola Kirchhoff stress tensor

S 2nd Piola Kirchhoff stress tensor

C Right Cauchy Green strain tensor

n0 Orientation Vector

ens Ensemble

λ Stretch

λs Slack stretch

λt True fiber stretch

Es Slack strain

εD D-period strain of the collagen fiber
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Ψ Energy

ϕ Mass fraction

D Distribution of slack strains for fiber recruitment

Γ Fiber Splay Distribution

η Modulus, subscript for elastin collagen and matrix

μθ Mean circumferential orientation

σ Standard deviation of the fiber splay

μr Mean of the recruitment distribution

σr Standard deviation of the recruitment distribution

Elb Lower-bound of the recruitment distribution

Eub Upper-bound of the recruitment distribution

d Exponent for elastin ensemble
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Figure 1. 
Our modeling approach can be divided into 3 parts: 1) Constitutive Modeling, where we use 

both structural and mechanical data to guide model formulation. 2) Parameter Estimation, 

where we used a detailed sequential approach to narrow down the optimal parameters. 3) 

Model Validation, where we used SAXS and MPM to validate the model at both the micro- 

and meso-scale.
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Figure 2. 
Microstructural analysis was done using Movat pentachrome stain of the transverse-radial 

section of the center region of the MV anterior leaflet (Top), and multiphoton microscopy 

(MPM) of the ventricularis (V), fibrosa (F), spongiosa (S) and atrialis (A) layer of the 

anterior leaflet (Bottom). The histological section shows the relative thickness of each layer, 

and the MPM shows the orientation or collagen (red) and elastin (green) fibers in each layer.
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Figure 3. 
Example mechanical testing result of a) uniaxial and b) &c) equibiaxial strain test data from 

an anterior leaflet. The linear post recruitment region is shown by the black line, which 

indicates full collagen fiber recruitment. The c) tangent modulus curve in equibiaxial strain 

test shows a clear flattened section in the post-transition region. Tangent modulus curve for 

uniaxial extension is not shown due to similarities.
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Figure 4. 
Example of the best fit from an anterior leaflet. The a) equibiaxial stress protocol was fit 

with only the elastin(green) first, followed by fitting the collagen only while keeping the 

elastin fixed. b) The final fit of all “physiological” protocols are shown. c) The two extra-

physiological protocols, which were not fit, is show. This suggests that the model have good 

predictive capability.
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Figure 5. 
a) The mean and standard deviation of the collagen fiber modulus as determined from 

uniaxial, equibiaxial strain, and planar biaxial stress testing for both the anterior and 

posterior leaflets is shown. No statistical significant was found from ANOVA and student-t 

tests. b) The mean and standard deviation of σr, which is standard deviation of the 

recruitment distribution of collagen fibers, in the fibrosa layer for both the anterior and 

posterior leaflet is shown. Again, no statistical significance was found, but the posterior 

leaflet appears to have larger σr based on the trend.
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Figure 6. 
The specimen was fit using both the Comparisons for the orientation-variant D̄(ξ̄,x,n0) 

(Black) and orientation-invariant D(ξ,x) (Red) modeling approaches for the recruitment 

functions. Both methods produce a) nearly the same collagen fiber modulus. b) The fiber 

ODFs also appears to the equivalent width ( ). c) The recruitment distribution also appears 

to be similar.
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Figure 7. 
Collagen fibril stress-strain data from SAXS studies from Liao et al. [20] (circles) along 

with the simulated result based on the current model parameters (Black) showing very good 

agreement. This approach is very sensitive. Perturbing the ODF ( ) by 1° (Blue) and 

shifting the recruitment distribution by 0.01 in Green strain (Red) significantly changed the 

slop of the curve.

Zhang et al. Page 31

Acta Biomater. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
The fitted orientation distribution functions of the collagen (Red) and elastin (Green) for the 

anterior leaflet are shown in comparison to the measured distribution from SHG (circle). 

The results are shown for the ventricularis, fibrosa and atrialis. The fitted and measured 

ODF appears to show good agreement.
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Figure 9. 
The predicted fiber orientation distributions from the anterior (Left) and posterior leaflets 

(Right) for collagen and elastin from all layers as an average (n=7 for both leaflets). Both the 

mass fraction scaled (Top) and Normalized (Both) ODFs are shown. In both leaflets the 

collagen of the fibrosa layer is clearly the most dominant, but is more broadly distributed in 

the posterior leaflet. Elastin is also similarly trends but is more evenly distributed in the 

anterior leaflet, while favoring the atrialis in the posterior leaflet.
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Figure 10. 
The mean elastin response in the physiological range from both anterior (Black) and 

posterior (Red) leaflets in the circumferential (a) and radial (b) directions. n=7 for both 

leaflets. The elastin in the anterior leaflet is heavily anisotropy and favoring the 

circumferential direction, which the elastin in the posterior leaflet is more isotropic and only 

slightly favoring the radial direction

Zhang et al. Page 34

Acta Biomater. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11. 
The net stress contribution from each ECM component from each layer for the equibiaxial 

stress protocol is shown for the circumferential (Left) and radial (Right) direction of the 

anterior (Top) and posterior (Bottom) leaflets. Here, the contributions from the layers are 

ventricularis (V), fibrosa (F), spongiosa (S), and atrialis (A). Interestingly, while the fibrosa 

layer is dominant circumferential directions in both leaflets, the atrialis also contributes 

substantially in the radial direction. Elastin clearly contributes minimal stress comparing to 

collagen, but it forms the bulk of the response in the toe region.
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Table 1

Experimental Techniques and Deliverables

Study Description Purpose Deliverable

Structural

SHG Image of fluorescently 
labeled collagen and 
elastin

Image processing is done to quantify the fiber 
orientation distribution function of collagen 
and elastin within each layer.

ODF (used for 
validation)

Histology Collagen, elastin and 
Proteoglycans are stained 
in a transmural slice.

The image is separated into channels and is 
used to quantify the mass fractions and relative 
fraction of collagen and elastin of each layer. 
This is used directly in the model.

Mass fractions

Mechanical

SAXS X-ray scattering at a 
length comparable to D-
period of the fiber

The SAXS scatter pattern have periods related 
to the D-period of the collagen fibers. The D-
period can be used to quantify the fiber-level 
strain and the fiber stiffness.

Collagen Fiber 
Modulus, for 
validation

Planar Biax (EB) Biax with equal strain 
along both axes.

Under equibiaxial strain, we can recover the 
ensemble stress from the sum of the axial 
stresses. This allows us to model the ensemble 
stress directly to determine the fiber modulus 
and fiber recruitment.

Collagen Fiber 
Modulus 
Recruitment 
Parameters (For 
validation)

Uniaxial Tissue is deformed along 
the preferred direction of 
the fibers

With the tight splay, under uniaxial extension 
all fibers become nearly aligned to the test 
axis, allowing us to use a simplified model 
rather like using the ensemble stress to recover 
the fiber modulus and recruitment.

Collagen Fiber 
Modulus 
Recruitment 
Parameters (For 
validation)

Planar Biax (Multi-prot) Data is taken over 
multiple P11 :P22 ratios 
covering physiological 
and extra-physiological 
range.

This with us the data to performed parameter 
estimation to determine the properties of the 
MV. The outer extra-physiological protocols 
can be used check the predictive ability of the 
model.

Layer dependent 
material properties.
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Table 2

Parameter of the MSSCM.

Phase Parameter Description

Collagen

1 ηc Mean collagen fiber modulus

2

Standard Deviation of the collagen fiber ODF (Γc (θ)) for the

Fibrosa layer

3 Atrialis layer

4

Mean of the collagen fiber recruitment distribution (D(ξ,x)) for the

Fibrosa layer

5 Atrialis layer

6 Spongiosa layer

7

Standard deviation of the collagen fiber recruitment distribution (D(ξ,x)) for the

Fibrosa layer

8 Atrialis layer

9 Spongiosa layer

10

The upper-bound of the collagen fiber recruitment distribution (D(ξ,x)) for the

Fibrosa layer

11 Atrialis layer

12 Spongiosa layer

Elastin

13

Standard deviation of the elastin fiber ODF (Γe (θ)) for the

Ventricularis layer

14 Atrialis layer

15

Mean elastin ensemble modulus for the

Ventricularis layer

16 Atrialis layer

17 Spongiosa layer

18 dv

Mean elastin ensemble exponent for the

Ventricularis layer

19 da Atrialis layer

20 ds Spongiosa layer

Matrix 21 ηm Mean matrix shear modulus

22 μθ Preferred direction of the mitral valve leaflet relative to the testing axes
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Table 4

Uniaxial extension testing results for the MV anterior leaflet.

ηc (MPa)

1 68.2420 0.12543 0.01602 0.1434

2 345.6285 0.23445 0.02099 0.2558

3 114.5181 0.13822 0.02682 0.1592

4 25.7835 0.11667 0.02545 0.1592

Mean 138.5431 0.15369 0.02232 0.1794

SEM 71.3667 0.02728 0.00244 0.0257
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