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Abstract

Estimation of regional tissue stresses in the functioning heart valve remains an important goal in

our understanding of normal valve function and in developing novel engineered tissue strategies

for valvular repair and replacement. Methods to accurately estimate regional tissue stresses are

thus needed for this purpose, and in particular to develop accurate, statistically informed means to

validate computational models of valve function. Moreover, there exists no currently accepted

method to evaluate engineered heart valve tissues and replacement heart valve biomaterials

undergoing valvular stresses in blood contact. While we have utilized mitral valve anterior leaflet

valvuloplasty as an experimental approach to address this limitation, robust computational

techniques to estimate implant stresses are required. In the present study, we developed a novel

numerical analysis approach for estimation of the in-vivo stresses of the central region of the

mitral valve anterior leaflet (MVAL) delimited by a sonocrystal transducer array. The in-vivo

material properties of the MVAL were simulated using an inverse FE modeling approach based on

three pseudo-hyperelastic constitutive models: the neo-Hookean, exponential-type isotropic, and
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full collagen-fiber mapped transversely isotropic models. A series of numerical replications with

varying structural configurations were developed by incorporating measured statistical variations

in MVAL local preferred fiber directions and fiber splay. These model replications were then used

to investigate how known variations in the valve tissue microstructure influence the estimated ROI

stresses and its variation at each time point during a cardiac cycle. Simulations were also able to

include estimates of the variation in tissue stresses for an individual specimen dataset over the

cardiac cycle. Of the three material models, the transversely anisotropic model produced the most

accurate results, with ROI averaged stresses at the fully-loaded state of 432.6±46.5 kPa and

241.4±40.5 kPa in the radial and circumferential directions, respectively. We conclude that the

present approach can provide robust instantaneous mean and variation estimates of tissue stresses

of the central regions of the MVAL.

Keywords

In-vivo stress estimation; finite element (FE) inverse modeling; genetic algorithm; mapped
collagen fiber architecture

1. Introduction

Today, almost 300,000 heart valve replacement surgeries are performed annually world-

wide (Sacks and Schoen, 2002). However, durability of the bioprosthetic heart valve (BHV)

continues to remain limited to the range of 10-15 years, and are often achieved only in

patient with ages of 57 years or older (Schoen, 2005). In addition to complete valve

replacement, valve repair has drawn gradually increasing attention for the treatment in

patients, especially those with mitral valve (MR) diseases (Braunberger et al., 2001;

Carpentier et al., 1980). Yet, recent long-term studies (Flameng et al., 2003; Flameng et al.,

2008) showed that 10-15% of patients undergoes MV repair required re-operation for severe

regurgitation within 10 years, and a 60% recurrence rate of significant MR in 3-5 years.

Such failure mechanisms suggest that the repair-induced excessive tissue stresses and the

resulting tissue damage are important factors (Accola et al., 2005; Fasol et al., 2004), which

affect the MV interstitial cell metabolism and synthesis, tissue-level responses of the MV,

and repair long-term durability.

Therefore, independent of design specifics, such as standard surgical prosthetic valve,

percutaneous delivery, and engineered tissue-based valve, development of robust materials

with improved durability and ability to account for post-natal somatic growth for pediatric

applications remains an important clinical goal (Mol et al., 2009; Sacks et al., 2009b). Such

development represents a unique cardiovascular engineering challenge resulting from the

extreme valvular mechanical demands (Sacks et al., 2009a). Even basic methods to assess

tissue-level stresses remain in development. Further, current valvular biomaterial assessment

relies almost exclusively on device-level evaluations, which are confounded by

simultaneous and highly coupled mechanical behaviors and fatigue, hemodynamics, and

calcification. Thus, despite decades of clinical usage and growing popularity, there exists no

acceptable method for assessing the intrinsic durability of valvular biomaterials.
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Historically, the term “tissue engineering” is attributed to Y.C. Fung (Woo and Seguchi,

1989). The term underscored the importance of “the application of principles and methods

of engineering and life sciences toward a fundamental understanding of the structure-

function relationships in normal and pathologic mammalian tissues and the development of

biological substitutes to restore, maintain, or improve tissue function.” Thus, it is imperative

that fundamental structure-function understanding guides the reproduction of native tissue if

it is to emulate its native counterpart successfully.

Clearly, the complex nature of native valvular tissue behavior (Sacks et al., 2009a) cannot be

duplicated with simple, homogenous biomaterials assessed using conventional means.

Consequently, to develop replacement valvular biomaterials we must more fully understand

the fundamental mechanics of the native tissues and their potential replacement biomaterials

as close as possible to the valvular physiological environment (Butler et al., 2000). In

previous studies (Amini et al., 2012; Eckert et al., 2009; Rausch et al., 2011), in-vivo

techniques were utilized to study in-vivo MV tissue strains under a variety of hemodynamic

and pathological conditions. In particular, it was revealed that the center region of the MV

anterior leaflet (MVAL) experienced substantially anisotropic stretches in the radial and

circumferential directions during the cardiac cycle (Sacks et al., 2006a). This technique has

also been employed in conjunction with a MVAL valvuloplasty model (Sacks et al., 2007)

to assess the valvular stresses within a surgically implanted biomaterial. However, in this

study a) only the strain at the center of the implant was used, b) no information on tissue

microstructural variations was incorporated, and c) a homogeneous stress field was assumed.

All of these effects will influence the resulting estimations of the tissue stresses.

When attempting to derive the local stress tensor of a valve leaflet utilizing in-vitro and in-

vivo strain measurement techniques, the exact fiber microstructure and regional mechanical

properties are required. These are in general not known on per-specimen/patient specific

basis. Moreover, given the limited number of available markers in the in-vitro and in-vivo

techniques, only low-order (e.g. linear or quadratic) estimates of the local deformation

gradient tensor F within the region are feasible. Hence, development of an optimal method

for accurately estimating a region of interest (ROI) stress tensor remains an open question.

In addition, stress estimates of the complete MV have been conducted numerically from

computational models (Einstein et al., 2004; Krishnamurthy et al., 2008; Krishnamurthy et

al., 2009; Kunzelman et al., 1993a; Prot et al., 2010; Votta et al., 2008). However, many

assumptions were made and thorough validation remain limited. Therefore, there is a need

of such accurate in-vivo stress estimates, including both the mean stress tensor and its

variation within a region for careful validation of the MV computational models in the

development of novel replacement tissues.

In this work, we developed a numerical simulation method to estimate both the mean stress

tensor and its variation within an ROI for the MVAL from existing in-vivo sonocrystal

positional data. We also utilized our extensive knowledge of the MVAL microstructure to

develop an estimate of the average stress variation due to the variations of collagen fiber

microstructure. Our goal is to ultimately apply this systematic method for estimation of the

repair-induced changes of the MV tissue stresses and provide guidelines for design of

optimal surgical repair strategies with improved long-term durability.
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2. Methods

2.1 Modeling framework and basic assumptions

The objective of this work is to estimate the regional tissue stresses of the MVAL based on

in-vivo three-dimensional deformational data by utilizing a finite element (FE) modeling

approach for stress analysis, in which an average structure of the MVAL was incorporated.

In order to characterize the in-vivo mechanical properties of the MV constitutive models, an

inverse FE modeling approach via the genetic algorithm was employed. The following

assumptions were made in the numerical studies:

• The viscous and any related time-dependent effects were ignored and only the

functional, quasi-elastic behaviors of the MV tissues were considered (Grashow et

al., 2006a; Grashow et al., 2006b).

• MVAL tissue was modeled as a pseudo-hyperelastic material (Fung, 1993).

• The ROI was defined by the 2 by 2 sonocrystal marker array with an additional

center marker (Figure 1-a).

• The local kinematics of the MVAL was represented by the prescribed in-vivo

measured displacement data on the four edges.

• The FE simulation for stress analysis was carried from the reference configuration

to the end of isovolumic relaxation (Figure 1-b), and the fully-loaded state was

chosen for the statistical analysis of the MVAL regional stresses.

In this integrated modeling/experimental scenario, we sought to develop an estimate of the

ROI stress tensor by averaging the stress at each point within the ROI. We noted that in

developing our approach, variations in the resulting local tissue stresses can arise from the

following sources within the ROI:

(1) Heterogeneities of the local deformation, resulting in F=F(X,t), where X is the

local position vector and t is time over the cardiac cycle.

(2) Variations in local tissue microstructure.

(3) Variations in local fiber mechanical properties.

The first two items can be directly quantified from experimental data: F can be determined

at each point in the marker array by bilinear interpolation and tissue microstructure can be

quantified using available experimental techniques, as we have done using small angle light

scattering (SALS). It is the last item, the mechanical properties, which must be computed

from the experimental data. Thus, we conducted a study to determine the average key fiber

microstructural features from extant microstructural data on the MVAL. This key piece of

information, when incorporated in the simulations, allowed us to quantify not only the mean

ROI stress but also its variation from a single experimental run. This further allowed us to

set confidence limits for the computed mean stresses from individual test specimens under a

single set of experimental conditions.
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2.2 In-vivo data acquisition

Three-dimensional echocardiography methodology for acquisition of the positional data was

employed and the in-vivo sonocrystal data was acquired and utilized from the previous study

(Amini et al., 2012). Briefly, nine male adult (30-45 kg) Dorsett sheep that have been raised

for laboratory work by commercial vendors were used. The animals were induced with

sodium thiopental (10-15 mg/kg IV), intubated, anesthetized, and ventilated with iso-

fluorane (1.5-2%) and oxygen for transducer implantation, in compliance with the guidelines

for human care (NIH Publication No. 85-23, revised 1985). With a sterile left lateral

thoracotomy, a total number of five 2-mm hemispherical piezoelectric transducers were

sutured on the MVAL, which defines the ROI for estimation of the in-vivo stresses (Figure

1-a), and the transducer wires were connected to a Sonometrices Series 5001 Digital

Sonomicrometer (Sonometrics, London, Ontario). The sonomicrometry array localization

(SAL) technique (Gorman et al., 1996) was then applied to determine the three-dimensional

coordinates of each transducer at an acquisition interval of 5 ms as the transvalvular pressure

was continuously monitored during cardiac cycles. The three-dimensional sonomicrometry

positional data were taken following isoflurane titrated to achieve a systolic blood pressure

of 90 mmHg. The 3D data were taken for fifteen cardiac cycles and the last cycle (Figure 1-

b) was chosen as the representative since the cycle-to-cycle variations were typically very

small. Followed by the previously developed approaches (Sacks et al., 2006a), the in-surface

principal stretches of the MVAL were estimated based on the measurements using a single

5-node finite element (Figures 1-c, 2-b).

2.3 Statistical evaluation of the MVAL collagen fiber structure

Data from the previous studies of the MVAL fiber structure were used (Amini et al., 2012;

He et al., 2005), where the SALS technique was utilized to determine the fiber angle

dispersion function Γ(θ) (Sacks, 2003; Sacks et al., 1997). Since the laser beam diameter

used for SALS measurement was 250 μm, a scanning grid of 250 μm by 250 μm was

considered. At each data point, the preferred direction (PD) and orientation index were

determined. For simplicity, we assumed the local Γ(θ) to be normally distributed with the

mean fiber direction μ and standard deviation σ. The ROI mean and variance of μ and σ

(μPD,σPD and μσ,σσ, respectively) were determined from the SALS data of n=5 MVAL

specimens using the methodology described in Appendix.

2.4 Mapping of collagen fiber structure

It should be noted that the fiber architecture measurements were performed for tissues in the

excised, unloaded state. We have recently demonstrated that the MVAL is under substantial

prestrain in-vivo compared to the excised, stress-free state (Amini et al., 2012). To account

for the transformation between the excised and in-vivo reference states, the fiber dispersion

distribution for the in-vivo MVAL was then determined by assuming an affine

transformation (Billiar and Sacks, 1997) as follows

(1)
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where J2D is the determinant of the in-plane deformation gradient tensor F2D, λN is the

collagen fiber stretch ratio in the direction of N, and C=(F2D)TF2D is the right Cauchy-

Green deformation tensor. The OI value was then determined based on its definition

associated with Γ(β), where β is the fiber angle in the deformed configuration computed

using

(2)

Once the fiber dispersion function Γ(β) was determined, the new values of μ and σ in the

deformed configuration were directly computed.

Next, the preferred fiber direction measured at the excised state (Figure 2-a) was utilized to

determine the local material axes ê1 and ê2 at the in-vivo reference configuration (Figure 2-

b) through a single five-node element (Figure 2-c) by

(3)

where

(4)

Herein,  is the deformation gradient between the excised (state 0) and in-vivo reference

(state 1) configurations, BxI = ∂NI/∂x and ByI = ∂NI/∂y are the derivatives of the FE shape

function NI associated with marker I, ,  and wI = zI are the nodal

displacements from the SALS grid plane to the physical domain, and S = [sx,sy,sz]T is the

unit normal vector on the MVAL surface.

2.5 Generation of FE meshes with variations in local material axes and degrees of
anisotropy

To investigate the effect of MVAL microstructure variations on the estimated ROI stresses,

we generated a series of FE models by considering changes of the local material axes and

degrees of material anisotropy for statistical analyses of the ROI averaged stress tensor and

its variation based on numerical experiments. Briefly, for each element, the local preferred

fiber direction was determined using standard statistical techniques for a normal distribution

from the mean fiber direction and its variation (see Appendix), with element local material

axes determined using Equations (3) and (4). Similarly, based on the same microstructural

analyses, the degree of regional fiber alignment was determined, and this variation in

material anisotropy was then incorporated into the collagen-fiber mapped constitutive model

(Section 2.6). In the current study, five or more replicate geometries were generated for the
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numerical experiments with the local preferred directions and standard deviations

determined from their respective distributions (μPD, σPD and μσ, σσ).

2.6 Material models and inverse approach for parameter estimation

As discussed above, we considered the following constitutive models based on a pseudo-

hyperelastic response (Fung, 1993) for describing the mechanical behaviors of the MVAL

and for exploring the effects of the different forms of the constitutive model on the stress

estimates. This was done with the following neo-Hookean model

(5)

an exponential isotropic model with an neo-Hookean component

(6)

and a full collagen-fiber mapped transversely isotropic model

(7)

For all three models, ψ is a strain energy density function, I1 = trace(C) and I4 = N·C·N are

the invariants, δ is a parameter governing the level of material anisotropy, and ci are the

material parameters quantified by the inverse approach. In this study, parameter δ was

determined directly through a linear relationship with OI value using δ = OI(σ)/90° so that

δ∊ [0,1]. Moreover, parameter C10 = 100 kPa was chosen, except for the neo-Hookean

model, which accounts for the low-strain responses associated with the bending stiffness the

valve tissues (Eckert et al., 2013).

We employed the following inverse modeling approach to characterize the in-vivo

mechanical response for the MVAL. We utilized a global optimization technique (Figure 3),

the genetic algorithm (Storn and Price, 1997), for finding an optimal set of material

parameters Xopt which minimizes the error norm of displacement field between the in-vivo

measurements and FE solutions:

(8)

where ndata=40 is the number of time points of the 3D sonocrystal positional data from t0 to

t5 during the cardiac cycle. Briefly, given a set of material parameters, an ABAQUS input

file was generated for the simulation of the MVAL subjected to external pressure loading

(Figure 1-b). The nodal displacements were obtained from the ABAQUS output file to

construct the displacement vector, and the fitness function f(x) for each genome population

was evaluated. The optimization process terminated when the change of the objective

function is less than the set tolerance (TOL = 10−6).
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2.7 FE analyses of the ROI stresses

To analyze the stress field in the ROI, the MVAL surface was discretized into 40×40 thin-

shell elements (to mimic the SALS measurement grid) with the characterized in-vivo

constitutive models implemented in ABAQUS UMAT. Here, 1600 elements with equal

element distances were constructed in the computational domain (Figure 2-c), and the

isoparametric mapping was performed to obtain the FE discretized surface in the physical

domain (Figure 2-b). The boundary nodes were prescribed with the displacement boundary

conditions based on the five sonocrystal measured data using ABAQUS DISP; transvalvular

pressures were applied on the element surfaces with ABAQUS AMPLITUDE; FE

simulations of the MVAL during a cardiac cycle (t0-t5, see Figure 1-b) were performed, and

stress output data were obtained using a python post processing script. The calculated

stresses were averaged over the 1600 elements and regional variation of the stresses was

estimated for each of the three constitutive models. Moreover, for each generated ROI

configuration with different local material axes and degrees of material anisotropy, a FE

simulation was carried out and the stress output was collected. The statistical analysis was

then performed on the peak stresses using the results of the generated numerical replications.

3. Results

3.1 ROI fiber architecture and material parameter results

Collagen fiber directions mapped onto the MVAL surface, accounting for the transformation

between the excised and in-vivo reference states, were in general very continuous with a

fairly homogeneous strength of the fiber alignment within the region of interest (Table 1,

Figures 4-a and 4-b), demonstrating the high fidelity of the mapping technique. For

characterization of the material parameters in the inverse FE analysis, the objective function

values at convergence were ObjFuncneo = 0.446 mm, ObjFunciso = 0.419 mm, and

ObjFuncmapped = 0.365 mm for the three constitutive models (Table 2), respectively. Thus,

the full collagen-fiber mapped transversely isotropic model (Eqn. 7) yielded the solution

with minimum displacement errors relative to the in-vivo experimental data.

3.2 Estimated regional stress field

Stress-time profiles during a cardiac cycle predicted by using the three constitutive models

were fairly regular in shape and smooth (Figures 5-a, 5-b, and 5-c), provided the anisotropic

in-vivo stretches, with a similar pattern of rapid increasing followed by a plateau, in both

radial and circumferential directions. Interesting, we also noted that the full collagen-fiber

mapped transversely isotropic produces much smaller stresses estimates at the fully-loaded

state (t3), with substantially larger stresses in the radial direction ranging from 380 to 480

kPa and the circumferential stresses ranging from 200 to 280 kPa given the radial stretch of

32% and circumferential stretch of 11%, whereas ~28% and ~11% higher of the estimated

ROI stress values were reported for the neo-Hookean and exponential-type isotropic models

(Table 3, Figures 6-a, 6-b, and 6-c).
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3.3 Effect of variations in local fiber directions and degrees of anisotropy on ROI stresses

The predicted ROI peak stresses at the fully-loaded state (t3) were ~520 and ~285 kPa for

the radial and circumferential components, respectively, for the numerical experiments with

variations in the local fiber directions, whereas the peak stress components of ~600 and

~280 kPa in the radial and circumferential directions were reported by considering variations

in both the local fiber directions and degrees of material anisotropy (Figure 7 and Table 4).

The resulting radial stress variations in the latter case are expectedly larger (by ~5%) than

the former situation (~2.4%) due to introducing additional fiber microstructural. However,

this additional variation led to very small deviations of the estimated peak circumferential

stress component.

4. Discussion

4.1 Overall observations and comparisons to existing results

In the present study, we developed a numerical approach for systematic estimation of the in-

vivo stresses of a region of interest within the normal functioning MVAL, delimited by a

sonocrystal transducer array, based on the 3D positional data. The in-vivo mechanical

properties of the MVAL were simulated using an inverse FE modeling approach based on a

pseudo-hyperelasticity formulation. Interestingly, the fiber mapped anisotropic model (Eqn.

7) produced both the lowest ROI averaged stresses and optimal objective function value

among the three constitutive models considered. This result indicates that this constitutive

model form is more appropriate for describing the in-vivo MVAL mechanical behavior.

While direct comparison to related work is not possible, we note that Krishnamurthy et al.

(Krishnamurthy et al., 2009) presented the results of stress estimates tCC = 1,540±838 kPa

and tRR = 1,513±826 kPa (reported as the average±SEM determined from nine separate

ovine specimens) at transvalvular pressures of 60-70 mmHg. In this study marker

videofluoroscopy and an inverse FE analysis were also used. However, the obtained stress

values are higher than our estimations, potentially due to the linear elastic material adopted

in their study. Moreover, fairly isotropic behaviors of the MV tissue stresses were observed

in their work although an orthotropic material was considered. On the other hand, our results

agreed qualitatively with the anisotropic MV tissue behaviors previously reported (Grashow

et al., 2006b). We noted too that others (Prot, 2007; Rausch et al., 2011; Rausch et al., 2012)

also performed similar constitutive model form studies for the MV leaflet tissues. The main

novelty of the present approach is our incorporation of statistical structural information of

the MVAL ROI to determine not only the mean stress tensor, but also its variation within the

ROI for an individual ovine specimen. This approach can greatly aid investigations of how

the variations and time changes in the fiber structure and fiber mechanical properties

influence the estimated ROI stresses over the cardiac cycle. For example, our approach can

be used in valvuloplasty model studies of time-evolving changes in the material subjected to

valvular stresses in blood contract using available sonocrystal data. Moreover, our approach

is quite general which can be used in assisting the development of specialized engineered

tissues or related biomaterials for replacement heart valves
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4.2 Use of novel surgical and computational modeling in valve model validation and in the
development of novel heart valve replacement tissues

BHV durability continues to remain limited to the range of 10-15 years; often achieved only

in patient ages 57 years or older (Schoen, 2005). While there are several critical aspects

responsible for this lack of progress, a major reason is that there is no existing model (in-

vitro bench-top, large animal, or computational) to evaluate and predict in-vivo replacement

valvular tissue performance between rat subdermal implantation, which provides no

mechanical stress and blood interactions, and full heart valve replacement, where device

design related failure is common factor. Thus, regardless of the design specifics, the lack of

rigorous, mechanistic knowledge of in-vivo durability and means to simulate tissue

responses in new valve designs have lead, in large part, to the current stagnation in valve

replacement development (Schoen and Levy, 2005).

As in many medical device fields, continued progress requires a much more sophisticated

level of understanding, especially at the component material level. Moreover, in conjunction

with bench top and large animal experimental studies, computational simulations can help in

defining how evolving biomaterial biomechanical properties drive valvular function and

performance. Such approaches have been recently promoted at the FDA/NHLBI/NSF

workshop on “Computer Methods for Cardiovascular Devices” held on June 10-11, 2010,

Rockville, MD (FDA/NHLBI/NSF). A consensus at this meeting was that we are now

entering a level of bioengineering knowledge and ability wherein computational approaches

can be realistically applied to cardiovascular devices, as anticipated by our group in 2006

(Sacks et al., 2006b).

The proposed approach represents a logical step in models that incorporate collagen

architecture, accurate material models, and highly accurate valvular kinematics (Lee et al.,

2013). This approach is consistent, for example, with the hypothesis that MV tissue failure

results from abnormally excessive stresses (from disease or improper repair). Thus, truly

predictive valvular FE modeling cannot proceed without accurate experimentally-derived

constitutive models (Sun et al., 2005). The present study is a step towards developing such

models directly based on extensive in-vivo and in-vitro studies (Grashow et al., 2006a;

Grashow et al., 2006b; Sacks and Yoganathan, 2008; Stella and Sacks, 2007).

4.3 Study limitations

Since we measured the surface strains of the MVAL as well as in-plane stress calculation,

we implicitly neglected the variations due to leaflet thickness. The MV leaflets are

composed of four layers: atrialis, spongiosa, fibrosa, and ventricularis (Kunzelman et al.,

1993b). We assumed that the relative motions between different layers, if any, had

negligible effects on the measured deformation in the midsection of the MVAL and the non-

uniform mechanical properties thorough different layers were reasonably represented by a

bulk constitutive model. Recent results for the aortic heart valve has indicated that the leaflet

layers are tightly bonded and do not exhibit sliding during bending (Buchanan and Sacks, in-

press), supporting this assumption. Finally, we note that the stress and strain fields were

obtained only for the midsection of the MV anterior leaflet, since this is focus of the present

study. However, in principal this method can be applied at other regions of the MVAL in
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future studies. Given the high reproducibility of the measurements and the computational

modeling framework, we believe that this is a reasonable approach applicable for MV leaflet

tissues under surgical repair conditions.

4.4 Summary

In this study, we demonstrated a numerical analysis approach for estimation of the in-vivo

stresses of a region of interest, delimited by the sonocrystal transducer array, within the

normal functioning MVAL based on the 3D positional data. Estimated ROI averaged

stresses at the fully-loaded state were 432.6±46.5 kPa and 241.4±40.5 kPa in the radial and

circumferential directions. The in-vivo material properties of the MVAL were also

characterized using an inverse FE modeling approach based on the hyperelasticity

formulation. A series of numerical replications with various ROI configurations considering

variations in the local fiber directions and degrees of material anisotropy were generated

based upon the measured collagen fiber microstructural information to investigate how these

variations in microstructures influence the estimated ROI stresses and to demonstrate the

robustness and reliability of the computational framework for in-vivo stress estimation.
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Appendix

To compute the average collagen-fiber microstructural architecture, we used the following

regional averaging technology. In particular, the complex angle at each location associated

with the main fiber direction ’s and its mean were computed by

(9)

The averaged preferred fiber direction was then calculated by

(10)

where  and  are the imaginary and real parts of . Moreover, the average

distribution function was defined by

(11)

where the standared deviation σPD can be computed accordingly.
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Figure 1.
Schematic of the ovine mitral valve anterior and posterior leaflets and the sonocrystal array

for in-vivo measurements, (b) illustration of a typical cardiac cycle with specific time points,

and (c) in-vivo measured principal stretches in the radial and circumferential directions.
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Figure 2.
Schematic diagram showing the mapping of the MV anterior leaflet between the SALS data

coordinates Ω′ and the physical domain Ω: (a) Sonocrystal markers and 40×40 elements

reconstructed on the SALS data coordinates (x′,y′) associated with the flatten MV anterior

leaflet tissues in grey, and (b) the fitting surface of the anterior leaflet using 5 sonocrystal

markers at the physical coordinates (x,y,z), through the computational domain (ξ,η) with a 5-

node finite element as illustrated in (c).
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Figure 3.
Flowchart of an inverse modeling approach via the genetic algorithm for characterization of

the material parameters of the constitutive model for the MVAL tissues.

Lee et al. Page 17

J Biomech. Author manuscript; available in PMC 2015 June 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
(a) Measured collagen fiber architecture (preferred fiber directions in black dashes and

strengths of fiber alignment in different colors) of the MV anterior leaflet via the SALS

technique with 5 sonocrystal markers, (b) mapped collagen fiber architecture onto the 3D

MVAL surface considering the mapping from the excised stress-free configuration to the in-

vivo reference state.
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Figure 5.
Estimated mean principal stresses and the variation (tRR,CC ± SDtRR,CC) over the region of

interest (Ω) in the radial and circumferential directions from t0 to t5: (a) neo-Hookean

material, (b) exponential-type isotropic material, and (d) full collagen-fiber mapped

transversely isotropic material.
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Figure 6.
FE predicted principal stresses and directions of the MVAL at the fully-loaded state (t3) by

using the three constitutive models: (a) the radial direction and (b) the circumferential

direction.
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Figure 7.
Estimated ROI peak principal stresses and associated sample variations (n = 10) in the radial

and circumferential directions at various time instants (t1, t2, t3) considering: (a) variation in

the local fiber directions, and (b) variations in both the local fiber directions and degrees of

material anisotropy.
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Table 1

Summary of the results of the ROI MVAL fiber architecture based on the statistical analysis

μPD (deg.) σPD (deg.) μσ (deg.) σσ (deg.)

Excised state (SALS scanning) 72.24 42.58 36.85 5.47

In-vivo reference state
(mapped, Eqn. (1)-(4)) 70.76 38.93 44.06 10.36
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Table 2

Characterized in-vivo material parameters for various constitutive models of the MV anterior leaflet via the

inverse modeling approach

Neo-Hookean model, Eqn. (5)
C10 (MPa)

0.3367

Exponential-type isotropic model, Eqn. (6)
C10 (MPa) c0 (MPa) c1

0.1 2.9684 0.2661

Full collagen-fiber mapped transversely
isotropic model, Eqn. (7)

C10 (MPa) c0 (MPa) c1 c2

0.1 2.8351 0.4252 0.4316

C10 is chosen for the low-strain responses and for numerical stability as implemented in ABAQUS UMAT.

# A mean value of 44.06° for the standard deviation of the fiber angular distributions is considered for characterization of other material
parameters, which results in δ=0.4231.
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Table 3

Estimation of the ROI averaged stresses at the fully-loaded state for three constitutive models

Model type tCC (kPa) tRR (kPa)

Neo-Hookean model, Eqn. (5) 344.3 ± 11.5 617.9 ± 28.6

Exponential-type isotropic model, Eqn. (6) 301.4 ± 12.2 509.5 ± 38.4

Full collagen-fiber mapped transversely isotropic model, Eqn. (7) 241.4 ± 40.5 432.6 ± 46.5
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Table 4

Estimation of the ROI peak stresses using 10 numerical replications by considering variations in the local fiber

directions and degrees of material anisotropy at time points t1-t3 of the cardiac cycle (see Fig. 4).

tCC (kPa) tRR (kPa)

Variations in the local fiber directions

t1 42.2 ± 1.16 80.9 ± 2.21

t2 273.8 ± 3.21 505.7 ± 13.3

t3 285.1 ± 3.28 525.2 ± 14.1

Variations in both the local fiber directions
and degrees of material anisotropy

t1 24.8 ± 0.27 62.3 ± 3.59

t2 270.8 ± 4.81 566.4 ± 28.1

t3 281.9 ± 4.76 593.2 ± 29.6
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