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Abstract

Computational models are increasingly being used to investigate the mechanical properties of 

cardiac tissue. While much insight has been gained from these studies, one important limitation 

associated with computational modeling arises when using in-vivo images of the heart to generate 

the reference state of the model. An unloaded reference configuration is needed to accurately 

represent the deformation of the heart. However, it is rare for a beating heart to actually reach a 

zero-pressure state during the cardiac cycle. To overcome this, a computational technique was 

adapted to determine the unloaded configuration of an in-vivo porcine left ventricle (LV). In the 

current study, in-vivo measurements were acquired using magnetic resonance images (MRI) and 

synchronous pressure catheterization in the LV (N=5). The overall goal was to quantify the effects 

of using early–diastolic filling as the reference configuration (common assumption used in 

modeling) versus using the unloaded reference configuration for predicting the in-vivo properties 

of LV myocardium. This was accomplished by using optimization to minimize the difference 

between MRI measured and finite element predicted strains and cavity volumes. The results show 

that when using the unloaded reference configuration, the computational method predicts material 

properties for LV myocardium that are softer and less anisotropic than when using the early-

diastolic filling reference configuration. This indicates that the choice of reference configuration 

could have a significant impact on capturing the realistic mechanical response of the heart.
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1. Introduction

Realistic computational simulations of the heart are able to provide useful information that 

cannot be measured clinically and may help to better diagnose and treat cardiac diseases. In 

finite element (FE) methods, using a good estimate of the initial unloaded configuration is a 

key factor to obtain realistic deformation and distribution of stress. Such a reference state 

rarely exists during a normal cardiac cycle, due to a continuously present physiological 

pressure load. Consequently, magnetic resonance (MR) images of the heart, which are used 

to construct FE models, can typically only represent loaded states. Some studies have used 

the early-diastolic geometry of the heart (following the isovolumic relaxation) as the 

reference state for FE models [1], [2], while others have used the mid-diastolic state [3]. In 

the majority of these cases the specific reference state was chosen because the LV pressure 

was “at a minimum”. However, the ventricle was still partially loaded, i.e., none of these 

states represent the true zero-pressure configuration of the heart [4].

Several methods have been suggested to estimate the unloaded configuration of a deformed 

structure [5] [6] [7]. Bols et al. proposed the backward displacement method, which is able 

to solve the inverse problem of finding the unloaded configuration of blood vessels based on 

fixed-point iterations [8]. The implementation of this method is straightforward and it can 

easily be used in combination with existing finite element solvers. In the current study, the 

method of Bols et al. [8] was adapted to unload the geometry of five healthy porcine left 

ventricle (LV) models, which were created from in-vivo MRI data that was contoured at 

early-diastolic filling. This provided two FE models for each of the five animals; (1) a model 

with a reference geometry based on early-diastolic filling and (2) a model with a reference 

geometry that is based on the numerically unloaded state. Next, passive material parameters 

of the myocardium were identified using a technique that utilizes a combination of MRI/

pressure data, FE modeling, and numerical optimization [9]. The ultimate goal of this study 

was to estimate the in-vivo material properties of left ventricular myocardium, as well as 

quantify how the material properties and end-diastolic stress distributions were affected by 

the choice of reference configuration.

2. Methods

2.1. Finite Element Model

In this study, five healthy adult male pigs weighing approximately 40 kg were used in order 

to assess in-vivo cardiac function (Table 1). The animals used in this work received care in 

compliance with the protocols approved by the Institutional Animal Care and Use 

Committee at the University of Pennsylvania in accordance with the guidelines for humane 

care (National Institutes of Health Publication 85-23, revised 1996). The data used in the 

current study is from the same animal cohort that was used in the study of Nikou et al. [9], in 

which many of the experimental details can be found. Briefly, the endocardium and 

epicardium of the LV were contoured from the 3D SPAMM (SPAtial Modulation of 

Magnetization) MR images and fit with 3D surface geometry. Animal-specific FE meshes 

were generated with approximately 1500 trilinear hexahedral elements, which was based on 

a convergence study. A homogeneous linear distribution of myofiber orientation angles from 

−37° (at epicardium) to +83° (at endocardium), with respect to the circumferential direction, 
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was assigned to each element [10]. The application of these fiber angles was confirmed by 

performing a sensitivity analysis, where the fiber distribution was varied over a range of 

endocardial and epicardial angles. The measured LV pressure was used as a loading 

boundary condition in the model. The base of the LV model was constrained to deform in 

the basal plane.

2.2. Material Model

The passive material properties of the myocardium were assumed to be nearly 

incompressible and transversely isotropic with respect to the local myofiber direction. The 

diastolic mechanics are described by the following strain energy function [11]

(1)

With transverse isotropy given by

(2)

where the constants C, bf, bt and bfs are material parameters, E11 is the Green-Lagrange 

strain in the fiber direction, E22 is the cross-fiber strain, E33 is the strain in the radial 

direction and the rest are shear strains. The constitutive model was coded as a user defined 

material subroutine that was implemented in the nonlinear explicit FE solver LS-DYNA 

(Livermore Software Technology Corporation, Livermore, CA).

2.3. Material Parameter Estimation

A Genetic algorithm (GA) technique was chosen for the optimization, and was performed 

using the software LS-OPT (Livermore Software Technology Corporation, Livermore, CA). 

Briefly, the passive material parameters (C, bf, bt, bfs) were optimized within the ranges 

previously reported for normal myocardium [12]. Diastolic strain was calculated from the 

3D SPAMM MR images using a custom optical flow plug-in for ImageJ to derive 3D 

displacement flow fields [9]. The objective function that was minimized during the 

optimization was taken to be the mean squared error (MSE) between MRI measured and FE 

predicted strains as well as the normalized difference in LV cavity volume. This was done 

using data from two time points, specifically, at mid-diastole (a point between early diastolic 

filling and end-diastole) and end-diastole. Utilizing kinematic data from multiple time points 

allows for better identification of the material parameters, as noted by Xi et al. [19]. The 

MRI measured strains were computed using early diastolic filling as the reference 

configuration. Therefore, when the partially loaded FE models were used for parameter 

estimation, the FE predicted strains were directly compared with the MRI measured strains. 

However, for the unloaded FE models a multiplicative decomposition of the deformation 

gradient was used to calculate strains with respect to the early-diastolic filling reference 

frame and then compared with MRI measured strains. This ensured both sets of 

optimizations were consistent.
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The objective function utilized strains predicted at N=252 positions (located at the centroids 

of the LV midwall elements) per time point, which were compared to the nearest LV points 

from the MRI data where strain was measured. The MSE was defined as

(3)

where t is the number of kinematic time points, n is the location of the strain point within the 

myocardium, Eij,n and V are the FE predicted diastolic strain and diastolic LV cavity 

volume, respectively, and the corresponding over bar variables represent in-vivo measured 

values. The factor of  was used to calculate the mean over the number of time points, which 

was 2 in the current study.

2.4. Unloading

In this study, the unloading of MRI derived geometry is dependent on the material 

parameters of the constitutive model incorporated in the FE solver, since multiple FE 

solutions are required to obtain the unloaded configuration [8]. Therefore, material 

parameter estimation and unloading of the geometry were coupled together. An iterative 

scheme was designed to estimate the in-vivo material properties and unload the partially 

loaded reference configuration (Figure 1). In order to unload the LV geometry, the backward 

displacement method [8] was adapted to LV geometry (Figure 2). The first estimate of the 

unloaded geometry was chosen to be the early-diastolic geometry and the final estimate was 

assumed to be the one that, when loaded to the early-diastolic pressure, matches the target 

geometry best. On average, each case underwent three sets of the material parameter 

estimation and unloading routines, before reaching the final properties and unloaded state.

3. Results

The optimized material parameters before and after unloading are listed in Table 2, as well 

as the 95% confidence intervals. It should be noted that the agreement between the FE 

predicted and MRI measured strain (as indicated by the MSE) was comparable in each of the 

5 cases, when comparing the results of using the early-diastolic vs. unloaded reference state. 

However, it can be seen (Table 2) that the size of the confidence intervals of the parameters 

after the unloading procedure were decreased. This implies that the estimated parameters 

can be found in a narrower portion of the parameter space, thus improving the identification 

of these values. In order to visualize the effects of unloading on predictions of stiffness and 

anisotropy of LV myocardium, the estimated parameters were used to plot stress vs. strain 

curves based on simulated equi-biaxial extension tests. The curves in Figure 3a show 

changes in material response for one case (case 2) after each iteration of the unloading/

material optimization scheme, while Figure 3b shows the final average of all five cases 

before and after unloading. In all cases, the computational scheme predicted a softer passive 

myocardium with decreased anisotropy between fiber and cross-fiber directions after 

unloading.
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In order to assess changes in LV stress distributions, the estimated material parameters 

obtained using the early-diastolic and numerically unloaded geometries of one case (case 5) 

were used to simulate their corresponding FE models to the end-diastolic pressure (Figure 

4). It can be seen that the overall magnitude of stress is decreased for the unloaded model. 

Additionally, the global average of stress in the myofiber direction (at end-diastole) was also 

decreased in all of the cases (Table 3). The cavity volume of the LV geometry for each 

reference state is given in Table 2, while an example of the early-diastolic and numerically 

unloaded geometries for one case (case 4) are shown in Figure 5. It can be seen that the 

length (base to apex) and diameter of the LV decrease after unloading. However, it should be 

noted that the total wall volume was preserved, thus leading to an increase in wall thickness 

in the unloaded state.

4. Discussion

The general trend in each of the cases analyzed in the current study is that using an unloaded 

reference configuration for the LV FE model results in a prediction of softer passive 

myocardium, compared to using early-diastolic filling as the reference state. While this 

result is intuitive, few studies have sought to explicitly quantify the effects of using these 

two configurations as the reference state on the determination of nonlinear constitutive 

parameters. Work by Xi et al. [19] used MRI and FE modeling to evaluate the choice of the 

reference configuration on the prediction of residual active tension in human myocardium. 

That study also predicted the constitutive parameters for in-vivo passive LV mechanics, but 

did not assess the effects of the reference configuration on those values.

It should be noted that the optimizations in the current study were also conducted using 

kinematic data from only end-diastole in the objective function. We observed an average 

decrease of roughly 11% in the MSE values, in each of the five cases studied, when using 

two kinematic time points (mid-diastole and end-diastole) instead of only one time point 

(end-diastole). The decrease in MSE values are consistent with the observations by Xi et al. 

[19], which suggests that by increasing the amount of kinematic data the identifiability of 

the parameters is improved. Additionally, it should be pointed out that the contribution of the 

volume term in the objective function was very small (~0.001) compared to the contribution 

of the strain. This is driven by the fact that all 6 components of strain were used at 252 

locations.

The material parameters determined in the current study showed variability from case to 

case (Table 2). It should be noted that this type of variability has been observed in several 

previous studies of normal myocardium, where the values of C, bf, bt, and bs varied by as 

much as a factor of 5 within the same group of animals [12–14]. Given the results of the 

current study, as well as previous studies, there appears to be natural variability in 

ventricular stiffness within an animal group. In terms of the unloading procedure, it can be 

seen (Table 2) that if the early-diastolic pressure was low, then the material parameters were 

minimally affected.

Figure 3b shows fiber and cross-fiber stress vs. strain curves before and after unloading, as 

well as from a previous study that used four isolated arrested pig hearts undergoing passive 
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inflation [12]. After unloading the LV model, the myofiber stiffness in the current study is 

closer to that predicted by the previous study. The difference in the curves between these two 

studies could be related to effects of performing ex-vivo vs. in-vivo experiments. 

Nonetheless, the current results indicate that unloading the heart does have a significant 

influence on the determination of the myocardial stiffness, when using the combined MRI/

modeling approach. Additionally, Figure 3b shows that after unloading, the stress-strain 

curve in the cross-fiber direction underwent smaller changes compared to the fiber direction. 

This indicates that the overall anisotropy of the material parameters decreased after 

unloading. This was quantified further by estimating the moduli over a strain range of 0.05–

0.10. It was found that the anisotropy ratio decreased from 5.5 (before unloading) to 3.7 

(after unloading).

There are several limitations associated with the presented work. The transversely isotropic 

constitutive law used in this study is not fully consistent with the anisotropy of left 

ventricular myocardium, which is shown to be orthotropic [15]. In future works, this 

material law will be replaced with a structurally based material law [16]. Additionally, in the 

current study, a homogeneous distribution of average myofiber angles in was assigned to the 

myocardium. In the future, animal-specific distributions of myofiber angles obtained from 

diffusion tensor MRI of ex-vivo hearts will be mapped to the in-vivo model [17]. Another 

limitation is that the contribution of residual stresses in the myocardium was neglected. 

However, the effect of these stresses are relatively small in diastole [18].

5. Conclusions

In this study, the LV models were numerically unloaded and the passive diastolic material 

parameters were estimated using both the early-diastolic and unloaded reference state 

models. Final results indicate that the passive stiffness of myocardium and anisotropy 

between the fiber and cross-fiber directions decreased when using the unloaded reference 

state model. This study shows that numerically unloading the MRI-derived model is an 

important step toward developing a more realistic representation of LV mechanical function. 

This could play a key role when applying these approaches to build patient-specific 

computational models for assessing myocardial health.

Acknowledgments

This study was supported by National Institutes of Health grants R01 HL063954 (R. Gorman), R01 HL111090 (J. 
Burdick), R01 HL73021 (J. Gorman), and by a grant from the National Science Foundation CMMI-1538754 (J. 
Wenk).

References

1. Wenk JF, et al. Regional left ventricular myocardial contractility and stress in a finite element model 
of posterobasal myocardial infarction. Journal of biomechanical engineering. 2011; 133(4):044501. 
[PubMed: 21428685] 

2. Wenk JF, et al. First evidence of depressed contractility in the border zone of a human myocardial 
infarction. The Annals of thoracic surgery. 2012; 93(4):1188–1193. [PubMed: 22326127] 

3. Sermesant, M., Razavi, R. Patient-specific modeling of the cardiovascular system. Springer; 2010. 
Personalized computational models of the heart for cardiac resynchronization therapy; p. 167-182.

Nikou et al. Page 6

Comput Methods Biomech Biomed Engin. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Klotz S, et al. Single-beat estimation of end-diastolic pressure-volume relationship: a novel method 
with potential for noninvasive application. American Journal of Physiology-Heart and Circulatory 
Physiology. 2006; 291(1):H403–H412. [PubMed: 16428349] 

5. Rajagopal V, et al. Determining the finite elasticity reference state from a loaded configuration. 
International Journal for Numerical Methods in Engineering. 2007; 72(12):1434–1451.

6. Alastrué V, et al. Numerical framework for patient-specific computational modelling of vascular 
tissue. International Journal for Numerical Methods in Biomedical Engineering. 2010; 26(1):35–51.

7. Krishnamurthy A, et al. Patient-specific models of cardiac biomechanics. Journal of computational 
physics. 2013; 244:4–21. [PubMed: 23729839] 

8. Bols J, et al. A computational method to assess the in vivo stresses and unloaded configuration of 
patient-specific blood vessels. Journal of Computational and Applied Mathematics. 2013; 246:10–
17.

9. Nikou, Amir, D, SM., McGarvey, Jeremy R., Gorman, Joseph H., III, Burdick, Jason A., Pilla, 
James J., Gorman, Robert C., Wenk, Jonathan F. Computational Modeling of Healthy Myocardium 
in Diastole. Annals of biomedical engineering. 2015

10. Lee W-N, et al. Mapping myocardial fiber orientation using echocardiography-based shear wave 
imaging. Medical Imaging, IEEE Transactions on. 2012; 31(3):554–562.

11. Guccione J, McCulloch A, Waldman L. Passive material properties of intact ventricular 
myocardium determined from a cylindrical model. Journal of biomechanical engineering. 1991; 
113(1):42–55. [PubMed: 2020175] 

12. Augenstein, KF., et al. in Medical Image Computing and Computer-Assisted Intervention–
MICCAI 2006. Springer; 2006. Estimation of cardiac hyperelastic material properties from MRI 
tissue tagging and diffusion tensor imaging; p. 628-635.

13. Okamoto R, et al. Epicardial suction: a new approach to mechanical testing of the passive 
ventricular wall. Journal of biomechanical engineering. 2000; 122(5):479–487. [PubMed: 
11091948] 

14. Walker JC, et al. MRI-based finite-element analysis of left ventricular aneurysm. American Journal 
of Physiology-Heart and Circulatory Physiology. 2005; 289(2):H692–H700. [PubMed: 15778283] 

15. Dokos S, et al. Shear properties of passive ventricular myocardium. American Journal of 
Physiology-Heart and Circulatory Physiology. 2002; 283(6):H2650–H2659. [PubMed: 12427603] 

16. Holzapfel GA, Ogden RW. Constitutive modelling of passive myocardium: a structurally based 
framework for material characterization. Philos Trans A Math Phys Eng Sci. 2009; 367(1902):
3445–3475. [PubMed: 19657007] 

17. Helm P, et al. Measuring and mapping cardiac fiber and laminar architecture using diffusion tensor 
MR imaging. Annals of the New York Academy of Sciences. 2005; 1047(1):296–307. [PubMed: 
16093505] 

18. Wang H, et al. A modified Holzapfel-Ogden law for a residually stressed finite strain model of the 
human left ventricle in diastole. Biomechanics and modeling in mechanobiology. 2014; 13(1):99–
113. [PubMed: 23609894] 

19. Xi J, et al. The estimation of patient-specific cardiac diastolic functions from clinical 
measurements. Medical Imaging Analysis. 2013; 17:133–146.

Nikou et al. Page 7

Comput Methods Biomech Biomed Engin. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The iterative process designed for in-vivo material parameters estimation and unloading the 

partially loaded MRI derived reference configuration.
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Figure 2. 
Backward displacement method applied to the LV model. X represents the nodal coordinates 

of consecutive estimates of the unloaded geometry and x represents the nodal coordinates of 

these estimates when inflated to the early-diastolic pressure. xm represents the nodal 

coordinates of the target geometry (MRI derived geometry at early-diastole).
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Figure 3. 
(a): Simulated equi-biaxial stress vs. strain curves in the fiber (solid lines) and cross-fiber 

(dashed lines) directions for case 2. Each set of curves represents the material properties 

assessed before unloading (in blue), after first unloading (in red), after second unloading (in 

green), and after third unloading (in cyan).

(b): Average of the five cases, showing the fiber (solid curves) and cross-fiber (dashed 

curved) stress vs. strain from the simulated equi-biaxial extension, before unloading (in 

blue), after final unloading (in green) and results of reference [12] (average of four cases) 

from excised unloaded porcine LVs (in black).
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Figure 4. 
Contours of first principle stress in a mid-ventricle slice at end-diastole before (left) and 

after (right) unloading.
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Figure 5. 
(a) Short axis and (b) long axis views of the LV model for case 4. Note that the green 

wireframe model represents the early-diastolic geometry and the solid red model represents 

the geometry after numerical unloading.
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Table 1

Physiological LV pressure and cavity volume measured from catheterization and MRI

Case # Early-diastolic
pressure (kPa)

End-diastolic
pressure (kPa)

Early-diastolic
volume (mL)

End-diastolic
volume (mL)

1 0.04 0.90 47.1 61.0

2 0.60 2.78 57.6 71.6

3 0.56 2.22 54.7 68.8

4 0.54 1.92 35.9 57.0

5 0.94 2.17 49.9 56.1
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Table 3

Global average of LV stress in the myofiber direction at end-diastole (kPa).

Case # Before
unloading

After
unloading

% Decrease

1 1.57 1.34 14%

2 9.70 3.33 65%

3 10.02 3.06 69%

4 2.88 2.73 5%

5 3.42 3.00 12%

Note: each case was loaded to the measured end-diastolic pressure to generate the stress in the LV.
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