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ABSTRACT OF THESIS 

 

 

 

ESTIMATING PASSIVE MATERIAL PROPERTIES AND FIBER ORIENTATION IN 

A MYOCARDIAL INFARCTION THROUGH AN OPTIMIZATION SCHEME USING 

MRI AND FE SIMULATION 

 

Myocardial infarctions induce a maladaptive ventricular remodeling process that 
independently contributes to heart failure. In order to develop effective treatments, it is 
necessary to understand the way and extent to which the heart undergoes remodeling over 
the course of healing. There have been few studies to produce any data on the in-vivo 
material properties of infarcts, and much less on the properties over the time course of 
healing. In this paper, the in-vivo passive material properties of an infarcted porcine 
model were estimated through a combined use of magnetic resonance imaging, 
catheterization, finite element modeling, and a genetic algorithm optimization scheme. 
The collagen fiber orientation at the epicardial and endocardial surfaces of the infarct 
were included in the optimization. Data from porcine hearts (N=6) were taken at various 
time points after infarction, specifically 1 week, 4 weeks, and 8 weeks post-MI. The 
optimized results shared similarities with previous studies. In particular, the infarcted 
region was shown to dramatically increase in stiffness at 1 week post-MI. There was also 
evidence of a subsequent softening of the infarcted region at later time points post 
infarction. Fiber orientation results varied greatly but showed a shift toward a more 
circumferential orientation.  
   
KEYWORDS: Myocardial Infarction, Finite Element Modeling, Ventricular Remodeling, 

MRI, Optimization 
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1. Intro 

An estimated 7.6 million Americans reported to have experienced a myocardial 

infarction (MI), a heart attack, as of the 2013 AHA Statistical Update. As disparaging as 

this number is, there has been great progress made in the field of cardiovascular medical 

therapy. From 1999-2001 to 2007-2009, there was a decrease of 34.6% in the death rate 

due to CHD (coronary heart disease) which includes heart attacks, angina pectoris, and 

stroke. Also an estimated 47% of the decrease in US deaths attributable to CHD from 

1980 to 2000 was purported to be due to the increased use of evidence-based medical 

therapies.1 Crucial to the development of these treatments is the understanding of the 

adverse ventricular remodeling process triggered by an MI. It is now a common 

perception that remodeling of the left ventricle independently contributes to the 

progression of heart failure.2,3  

 The physiological process of remodeling is defined as a change in internal 

structure achieved through either the reorganization of present constituents or the creation 

of new constituents with a different organization.4 Thus the process inevitably changes 

the material properties of the structure in response to an environmental stimulus. It is a 

form of adaptation in which the heart seeks to return to better pump function. However, 

the compensatory mechanisms that promote a return to normal pump function in the short 

term can continue to the extent of worsening pump function and furthering maladaptive 

remodeling.2  In the emerging field of mechanobiology, it is accepted that physical forces 

acting on cells contribute to changes in structure and function. A great example of this 

concept can be seen in Wolff’s Law of bone transformation, from which came the 

accepted notion that the trabecular structure in bone results from the remodeling process 

governed by mechanical loads. To be more precise, the trabecular structure of bone 

coincides  with the principal stress orientation from externally induced loads.5 This 

behavior has also been seen in the healing of soft biological tissues as well, as it has been 

well documented that scar tissue fibers in healing wounds orient themselves in directions 

of tension.6,7  
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1.1 Acute Ischemia 

 Based on observation, the healing process of infarcted tissue is divided into four 

phases: acute ischemia (first few hours), necrotic (5-7 days), fibrotic (up to 2-4 weeks), 

and remodeling (remaining healing).8 Acute ischemia is the phase that occurs 

immediately after the occlusion of a coronary artery to the onset of infarct stiffening, 

typically at 4-6 hours.8 The lack of oxygen induces myocyte death in the infarcted region 

within the first few minutes, during which the myocardium gradually loses its active 

force generation in systole. The infarcted myocardium then takes on the behavior of a 

passive elastic material for the entire cardiac cycle. The infarct still passively stretches in 

the filling state of diastole, but also passively recoils during the contractive state of 

systole. It has been observed that the left ventricle becomes more compliant within this 

phase of acute ischemia. Within 30 seconds after coronary occlusion, the systolic 

contraction of infarcted myocardium is supplanted by passive stretching, which steadily 

increases over the initial 5 minutes.8 A proposed mechanism of this increased compliance 

is the progressive degradation of the extracellular matrix of myocardial tissue induced by 

collagenolytic enzymes activated within failing myocardium.2,3 This subsequently fosters 

the slippage of bundles of myocardial fibers along the cleavage planes which separate 

transmurally layered sheets of fibers.2,9,10 This fiber rearrangement results in a decreased 

number of fibers across the wall and accounts for most of the expansion and transmural 

thinning of infarcted regions.9 Furthermore, all of the thinning of noninfarcted regions is 

attributed to this fiber slippage along cleavage planes.9 In a study by Weisman et al. on 

the mechanism of infarct expansion, it was observed that the number of myocyte bundles 

across the heart wall decreased in infarcted hearts exhibiting a thinning of the walls.9 It 

was also found that the angles of cleavage planes relative to the endocardial surface 

transform to more acute angles in regions of wall thinning, supporting the proposed 

thinning mechanism of slippage.9 A helpful visualization of the fiber slippage can be seen 

in Figure 2, in which the blackened sheet of fibers shifts between meridional and radial 

directions along cleavage planes.  
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Figure 1: Time courses of healing for various animals. Image taken from Holmes, J.W.8  

 

 
Figure 2: Schematic of myocardial fibers and cleavage planes in thin and thick 
myocardial walls. The mechanism believed to be responsible for the redistribution of 
fibers is represented by the blackened fibers. From Spotnitz, H.M.10 
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 This increased compliance of the infarct causes the region to stretch and bulge at 

times in the cardiac cycle. In turn, energy that could normally be used to do work on 

blood is wasted through stretching the infarct. Furthermore ventricular dyssynchrony may 

develop in which differences in the timing of contractions can reduce cardiac efficiency. 

Stretching of the infarcted region along with global thinning of the myocardium induce a 

dilation of the left ventricle, and thus an increase in LV end-diastolic volume.2,11 A 

consistent observation regarding left ventricle dilation is that the geometry of the 

remodeled heart not only expands but takes on a more spherical shape.2 As a result of 

assuming a more spherical shape, displaced papillary muscles pull on the chordae 

tendineae connecting them to the leaflets of the mitral valve, tethering them to the extent 

of impeding complete valve closure.2,12 Thus mitral valve regurgitation develops, in 

which there is an amount of blood that flows back into the ventricle during systolic 

ejection. Obviously this indicates a reduction in fraction of blood ejected and accordingly 

a loss in pump function.  

Another mechanism contributing to a decrease in pump function is the physical 

coupling between the infarcted region and surrounding myocardium. Active myocytes 

tethered to tissue at the border of the infarct stretch the infarcted tissue in directions 

coinciding with the normal myocardial fiber orientation.8 Consequently a border zone 

develops around the circumference of the infarct. In this border zone, the deformation 

and stress experienced by the noninfarcted myocardium within is regulated by the 

coupling with infarcted tissue.8,13  

In an experimental study on transmural myocardial deformation, Villareal et al. 

found that the magnitude of normal systolic strains increased significantly from 

epicardium to endocardium.14 This finding was corroborated by Xu et al. in a study 

involving the reconstruction of cardiac motion through tagged MRI images, in which it 

was found that the endocardium displayed greater motion than the epicardial wall.15 

During the ejection phase of systole, the heart is known to exhibit a twisting motion 

which contributes to normal pump function. This was observed in the study by Xu et al., 

and it is reasonable to conjecture that the gradient of motion through the heart wall has an 

influence on this twist. In regards to an infarcted heart, since the systolic strain was found 

to be uniform, the normal twisting motion may be impaired or nonexistent. 
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1.2 Necrosis 

 Following the initial phase of acute ischemia is necrosis. As mentioned 

previously, this phase begins at the onset of infarct stiffening and lasts about 7 days in 

humans.8 In this phase there is a progression of myocardial damage from endocardium to 

epicardium in a sort of wavefront of injury.16 In a study on the progression of healing of 

canine infarcts by Ursell et al., it was observed that ischemic injury eventually stops its 

advancement toward the epicardium, and muscle cells in the outer layer of epicardium 

actually survive.16 It has been suggested that this functioning layer of epicardial tissue 

plays an integral role in formation of the border zone.16 One of the mechanical changes 

observed in a necrotic infarct is an increase in circumferential and longitudinal stiffness 

under multiaxial loading.8 However there is no apparent change in stiffness in uniaxial 

tests, which implies an advance in the mechanical coupling between circumferential and 

longitudinal directions, possibly due to collagen cross-linking.8 Another mechanical 

change of the infarcted region is the increase in unstressed segment length of fibers below 

end-diastolic pressure and a decrease in segment lengths at higher pressures.  

 The most likely explanation for the increase in infarct stiffness is the presence of 

interstitial edema, which has been thoroughly documented to occur in ischemic hearts.16 

A substantial piece of evidence for this comes from an experimental study by 

Amirhamzeh et al., in which edema induced in the hearts of pigs was shown to 

significantly increase LV stiffness.17 The decrease in infarct compliance is 

counterbalanced by the response of anti-inflammatory agents promoting expansion by 

reducing edema. In regards to the increase in unstressed segment length, the most likely 

explanation is infarct expansion as described in the section on acute ischemia. Although 

signs of necrosis may persist for weeks to months in large animals, the necrotic phase 

ends once the infarct starts to experience a rapid increase in the number of fibroblasts and 

amount of new collagen.8  

 1.3 Fibrosis 

 In the fibrotic phase of healing, the deposition of new collagen is the main source 

of change in structure and mechanical properties. The amount of collagen present in 

healing myocardium is known to increase from 1 to 6 weeks after infarction in dogs, 
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sheep, and rats, as well as humans.8,18 Besides the increase in collagen, there is also a 

change in the type of collagen deposited. As part of a study by Rich and Whittaker, the 

collagen content in the scarred myocardium of rats was found to increase from 61% to 

83% to 95% at 1,3, and 5 weeks after injury respectively.19 Comparing data at 5 weeks to 

that at 1 week, the percentage of thin fibers decreased from 43% to 4% whereas the 

percentage of thick fibers increased from 13% to 65%.19 The thin fibers have been 

suggested to be type III collagen while the thick fibers represent type I collagen, and it 

has been proposed that the early appearance of the type III collagen provides a scaffold 

for the fabrication of the thicker type I collagen.13  It has been consistently observed that 

type I collagen predominantly orients itself in the circumferential direction in healing 

myocardial scar tissue.8,13,20 This agrees well with a study by Holmes et al. in which the 

average collagen fiber direction across the majority of the heart wall was observed to 

align within 30⁰ of the circumferential direction in 3 week old porcine infarcts.20 Also, 

infarct shrinkage was found to occur predominantly in the circumferential direction at 3 

weeks into healing for porcine hearts.20 Some of the best data available on the anisotropy 

of infarcts comes from a study by Gupta et al., in which the progression of stiffness in 

porcine anteroapical infarcts was observed.21 The results of which can be seen in Figure 

3, where circumferential and longitudinal stresses are presented for the various phases of 

healing. Notice how the overall stiffness of the infarct initially increases from the acute 

ischemic phase to the fibrotic phase and then decreases through the remodeling phase. 

Also evident from the plot is the switch in anisotropy that occurs during the fibrotic 

phase, in which the infarct transforms from a more longitudinally stiff region to one more 

circumferentially stiff, consistent with the orientation of collagen deposition mentioned 

previously.  

 Due to increased infarct stiffness, the left ventricle may not be allowed to expand 

fully resulting in an impairment of diastolic filling, which severely limits pump function.8 

The aforementioned coupling between the stiff infarct and adjacent non-infarcted 

myocardium limits the diastolic stretch of functioning myocardium, thereby reducing 

systolic contraction and thus pump function.8 The fibrotic phase of healing is said to end 

when collagen accumulation slows and mechanical properties decouple from collagen 
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content.8 According to the results of Holmes et al. this occurs at approximately 4 weeks 

in humans and around 3 weeks for other large animals, as can be seen in Figure 1.  

 
Figure 3: Development of anisotropy in healing ovine infarcts. The graph displays 
circumferential and longitudinal stresses during 15% equibiaxial extension of excised 
infarcts. The labels along the bottom represent the phases of healing: control (C), acutely 
ischemic (I), necrotic (N), fibrotic (F), and remodeling (R). Data comes from Gupta, 
K.B.21 Graph comes from Holmes, J.W.8 

 1.4 Remodeling 

 Although collagen content may continue to rise for several weeks, there is a 

decrease in infarct stiffness in the remodeling phase, as can be seen in Figure 3.21 This 

suggests that there must be other factors other than collagen content governing the 

mechanics. One such factor that seems to correlate with observed mechanics of the 

remodeling phase is the cross-linking of collagen, which continues to increase despite a 

plateau in the rate of collagen production. Also evident from Figure 3, the longitudinal 

stiffness is shown to equalize at about the same level as that of the non-infarcted control 

myocardium, whereas the circumferential stiffness remains elevated above control and 

nearly twice that of the longitudinal. The similar longitudinal stiffness for the infarct and 

adjacent non-infarcted myocardium serves to minimize the negative effects of the 
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mechanical tethering at the border zone. Although the circumferential stiffness remains 

elevated, its decline is characteristic of a move toward normal diastolic function while 

compensating for the increased stresses experienced by the infarct. Throughout the 

remodeling phase, the heart is continuously shaped by all of the compensatory 

mechanisms prevalent in the previous phases. This process of adaptation may continue 

indefinitely in pursuit of a stable configuration.  

 1.5 Modeling myocardial mechanics 

 The methods of determining material properties of myocardium by in vitro means 

has been the standard approach for many years. Although in vitro data has provided much 

insight on myocardial mechanics and still is completely necessary for other approaches, 

alone it does not allow for an accurate view of the dynamic physiological processes that 

occur in vivo. The call for an in vivo approach has eventually led to the use of an inverted 

finite element method. The classic solid mechanics problem is to determine the motion 

that is induced in a given material by an applied load. In the inverse problem, material 

properties are sought once given the motion and applied load.  

Based on the observations of myocardium, such as those from histology or 

mechanical testing on excised samples, there have been many attempts to characterize the 

stress-strain relationship that governs its deformation. Biaxial tissue testing has remained 

a valuable tool for characterizing the three dimensional mechanical properties of 

myocardium.22 In perhaps the first biaxial extension tests of excised myocardium, Demer 

and Yin (1983) reported myocardium to exhibit non-linear elasticity and viscoelasticity 

as well as anisotropic behavior.23 Therefore myocardium is typically modeled under finite 

hyperelasticity. Also referred to as a Green elastic material, a hyperelastic material 

assumes the existence of a strain energy function, from which a stress-strain relationship 

is derived. The strain energy must vanish over a complete cycle of deformation for such a 

material. Upon formulating a mechanical power balance and rearranging terms, the 

constitutive relation for an incompressible material under isothermal finite hyperelasticity 

can be written as 

𝑺 =  
𝜕𝑊
𝜕𝑬

− 𝑝𝐽𝑬−1 
(1) 
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where S is the 2nd Piola-Kirchoff stress, W is the strain energy function, E is the 

Lagrangian strain, p is a Lagrange multiplier, and J is the Jacobian of the deformation 

gradient. 

 The functional form of the strain energy function W varies, dependent on the 

approach used to determine it. One common approach is to estimate the form of W by 

curve-fitting experimental measurements, as performed in the study mentioned 

previously by Gupta et al. (1994).21 Similarly Humphrey et al. proposed a polynomial 

form of W, determined directly from experimental protocols in which one of two 

coordinate invariant measures of finite deformation was held constant while the other was 

varied.24 The major difficulty with any constitutive model based solely on mechanical 

testing of excised tissue is the uncertainty as to how structural interactions between 

myocardial constituents influence behavior in vivo.22 In a study by Guccione et al. (1991) 

passive material parameters of an intact canine left ventricle were optimized for a 

transversely-isotropic hyperelastic constitutive law.25 Many have employed this 

constitutive model to estimate in-vivo myocardial material properties, going further by 

generating anatomically accurate geometry contoured from MRI data. Fortunately with 

advances in medical imaging, techniques have been developed that employ a combination 

of MRI, catheterization, and finite element modeling to estimate in-vivo mechanical 

properties of myocardium. Once a constitutive relation is implemented into a finite 

element model with given pressure loads, computationally determined strains can be 

compared with experimentally measured MRI strain data until an optimized set of 

parameters can be reached.  

 Augenstein et al. used SPAMM (SPAtial Modulation of Magnetization) MRI, 

catheterization, and 3D FE modeling to estimate the material properties of an isolated 

arrested pig heart that underwent passive inflation.26 Of particular interest, muscle fiber 

architecture obtained from diffusion tensor imaging was included in the model, instead of 

using histological data. Sun et al. estimated active material properties in the non-infarcted 

myocardium of a sheep LV 8 weeks post-MI using 3D tagged MRI, catheterization, FE 

modeling, and a successive response surface method for optimization.27 Wenk et al. used 

the same approach to estimate active properties of the remote, border zone, and infarct 

regions of a sheep LV 8 weeks after the induction of a posterobasal MI.28  
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 In each of the studies on in-vivo or isolated hearts mentioned previously, the 

focus was on determining properties of viable myocardium. However there have been no 

studies that determined the in-vivo passive material properties of infarcted myocardium. 

In the current study, the goal was to determine in-vivo material properties of both 

infarcted and remote myocardium in a porcine model over the time course of a healing 

MI. Additionally the orientation of collagen fibers in the infarcted region were allowed to 

be optimized with the material properties, instead of being assigned a priori. There was a 

study by Nair et al. in which myocardial fiber angles of a healthy rabbit heart were found 

through an optimization using 3D FE modeling, epicardial surface strain data, and a 

genetic algorithm scheme.29 The model was simple and only 2 points of strain were 

compared in the optimization. However the study showed the benefit of using genetic 

algorithms for estimating myocardial material parameters. In the current study, a 

combination of MRI, catheterization, and 3D FE modeling were used to create animal 

specific models of infarcted pig hearts. The material parameters were then determined 

through an optimization scheme that minimized the difference between in-vivo strains 

and volume obtained from MRI and model predicted strains and volume.  

2. Methods 

 2.1 Animal Model 

 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).  

Myocardial infarction was induced in adult male Yorkshire swine (N=6) weighing 

approximately 40 kg. The pigs were anesthetized and the LV free wall exposed through a 

left thoracotomy. A posterior MI was induced by suture ligation of the left circumflex 

artery (LCX) and select obtuse marginal (OM) branches. An example of the ligature 

points for one of the cases is shown in Figure 4. Although the ligation sites varied slightly 

between animals, the procedure was performed in such a way to produce consistently 

sized infarcts comprising 20-25% of the left ventricle.30 Resulting from this ligation 

approach, infarcts were produced with a congruity in size, shape, and location between 
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animals. Ten MRI compatible platinum wire markers were sutured to the epicardium 

around the infarct periphery immediately following infarction to enable infarct 

contouring from subsequent MRI acquisitions. It should be noted that thirty minutes post-

MI, the pigs received twenty 0.3 mL injections of saline in the infarct, since they were 

also being used as controls in a biomaterial injection study. 

 

 
Figure 4: Coronary artery ligation pattern for case 2. A total of ten platinum markers 
mark the periphery of the infarcted region. 

 

 2.2 MRI Acquisition and Image Analysis 

 Cardiac MRI scans were performed at 1, 4, and 8 weeks post-MI using a 3T 

Siemens Trio A Tim Magnetom scanner (Siemens; Malvern, PA). For each MRI scan, a 

high fidelity pressure transducer (Millar Instruments; Houston, TX) was guided into the 

LV for cardiac gating. The measured pressure was later used to load the FE model. 

Images were collected using two techniques: 1) 3D SPAMM was performed in order to 

assess regional wall strain and 2) late-gadolinium enhanced (LGE) images were taken to 

further define the infarct area Figure 5. The endocardium and epicardium of the LV were 

contoured from the 3D SPAMM images using ImageJ software (NIH; Bethesda, MD). 

The reference contours were generated at early diastolic filling Figure 5, following 
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isovolumic relaxation, in order to generate the animal-specific ventricular geometry. 

Additionally, the endocardium was contoured at end-diastole in order to calculate LV 

volume. Infarct boundaries were created by identifying the platinum epicardial markers in 

the 3D SPAMM images. The total infarct area was confirmed by comparing marker 

positions with the enhanced region in the LGE images. Diastolic strain was calculated 

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

3D displacement flow fields.15 It should be noted that the LV strain, volume, and contour 

data were all generated from the 3D SPAMM images and matched with simultaneous 

pressure measurements, ensuring continuity between all data used to generate the model. 

 
Figure 5: Short axis view of 3D SPAMM images from case 1 at early diastole with (a) 
endocardial and (b) epicardial contours, and short axis view at end-diastole with (c) 
endocardial contour. Short axis view of LGE image at (d) early diastole, with marker 
circled and boundaries defined. 

  

(a) (b) 

(c) (d) 
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2.3 FE Model 

 The reference state for the FE model was taken to be at early diastole, where LV 

pressure is at a minimum and is therefore closest to an in-vivo stress-free state. Each set 

of endocardial and epicardial reference contours were fit with 3D surfaces to represent 

the animal-specific geometry (Rapidform; INUS Technology, Inc., Sunnyvale, CA). The 

boundary between the infarct and remote region was defined using 3D spline curves that 

were created by visually tracing infarct marker positions from MR images and then 

projecting onto the endocardial and epicardial surfaces. The FE mesh was produced by 

filling the volume between endocardial and epicardial surfaces with hexahedral brick 

elements incorporating a trilinear interpolation scheme (TrueGrid; XYZ Scientific, Inc., 

Livermore, CA, USA). The wall of each FE model consisted of 3 elements transmurally, 

36 elements circumferentially, and 12 elements longitudinally, with a patch of 192 

elements at the apex. A transmural thickness of three elements deep was previously found 

to be sufficient for accurate volume calculations while maintaining computational 

efficiency.27 The infarct and remote regions were designated as two separate materials, 

allowing for different properties to be assigned to each, which can be seen in Figure 6. 

The inner endocardial surface was lined with linearly elastic shell elements to create an 

enclosed airbag for computing left ventricle cavity volume. The airbag had no influence 

on the mechanical response of the myocardium, as it was modeled as extremely soft with 

a Young’s modulus of 1 ×  10−10 kPa and Poisson’s ratio of 0.3. 

Myofiber angles were assigned to each hexahedral element using a custom 

MATLAB script. The angles were appointed at the endocardial and epicardial surfaces 

and varied linearly through the transmural thickness. For the remote region at 1 and 4 

weeks post-MI, angles were fixed at -37 degrees at the epicardium and 83 degrees at the 

endocardium, with respect to the circumferential direction, based on previous studies 

with porcine ventricles.31 At 8 weeks post-MI the remote fiber angles were set at -27 

degrees at the epicardium and 88 degrees at the endocardium, with respect to the 

circumferential. This was done in accordance with results of a study performed by 

Mekkaoui et al. in which a technique for quantitative 3D diffusion CMR tractography of 

the heart was developed. Diffusion tensor MRI data was taken for normal human, sheep, 

rat, and 3 month post-MI infarcted sheep. A significant positive shift in helix angle was 
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observed in the remote region of the infarcted sheep as shown in Figure 7, and was 

confirmed histologically as seen in Figure 8.  

 

 

 

 
Figure 6: Finite element models of infarcted porcine LV at 4 weeks post MI for (a) case 
1, (b) case 3, (c) case 4, (d) case 5, and (e) case 6. The infarcted regions are shown as 
blue elements and the remote as red. 

 

(a) (b) 

(c) (d) 
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Figure 7: Helix angle curves for the lateral wall of (A-D) a normal human heart, (E-H) a 
normal sheep heart, and (I-L) the remote zone of a sheep heart with an anteroseptal 
infarct. The image comes from the study by Mekkaoui et al.32 

 

 

 
Figure 8: Comparison of histological sections taken from the lateral wall of (A) a normal 
sheep heart and (B) the remote zone of an infarcted sheep heart 3 months post-MI. A 
rightward shift of fibers in the remote zone is evident. Transmural gradient in helix angle 
calculated from histological sections were used to create the plot in (C). Each of these 
figures was taken from the study by Mekkaoui et al.32 
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The fiber angles in the infarct region were parameterized as part of the 

optimization, which will be discussed in a later section. Boundary conditions were 

implemented at the base of the LV to fully constrain displacement on the epicardial-basal 

edge, while allowing the remaining basal nodes to move in the circumferential-radial 

plane. The endocardial wall was loaded with a pressure boundary condition, which was 

based on the time course of the measured animal-specific diastolic pressure. 

The implementation of myofiber geometry into the FE model is becoming 

standard in the modeling of myocardium, as it has proven to be a key impetus of 

ventricular mechanics and remodeling. Historically, this has been done through 

histological studies, although as technology progresses, noninvasive imaging techniques 

are seeing increased success and popularity. These imaging techniques include diffusion 

tensor MRI, quantitative ultrasonic backscatter, and echocardiography-based shear wave 

imaging.7,31,33-35 There has been much success in determining the fiber architecture of 

normally functioning myocardium; however, the fiber architecture of infarcted regions 

remains resistant to measurement. In a 3D DT-MRI study on the fiber architecture of 

infarcted porcine hearts by Zhang et al., regions displaying DT-MRI fiber disruptions 

corresponded to infarcted areas.33  Nonetheless, in the study by Wickline et al., the use of 

an ultrasonic backscatter imaging technique provided the ability to determine the 

transmural shift in fiber orientation per millimeter of tissue for both healthy and infarcted 

regions.7 Unfortunately, this data was not useful to this study as there was no reference 

angle given from which to interpret the transmural shift.  
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2.4 Constitutive Model 

The material response of the myocardium was assumed to be nearly 

incompressible, transversely isotropic, and hyperelastic. Since only the passive 

mechanics were investigated in this study, there was no need for including the active 

contraction of systole into the model. The diastolic mechanics are described by the strain 

energy function for passive myocardium developed by Guccione et al, in which a Fung-

type exponential relation is used  

𝑊 =  
1
2
𝐶(𝑒𝑄 − 1) 

with transverse-isotropy given by 

𝑄 = 𝑏𝑓𝐸112 + 𝑏𝑡(𝐸222 + 𝐸332 + 𝐸232 + 𝐸322 ) + 𝑏𝑓𝑠(𝐸122 + 𝐸212 + 𝐸132 + 𝐸312 ) .  

The constants C, 𝑏𝑓, 𝑏𝑡, 𝑏𝑓𝑠, are diastolic myocardial material parameters, whereas 𝐸11 is 

the Green-Lagrange strain in the fiber direction, 𝐸22 is the cross-fiber in-plane strain, 𝐸33 

is the radial strain transverse to the fiber direction, and the rest are shear strains.4,25 This 

strain energy function, used to describe both remote and infarct regions, was 

implemented through the use of a material subroutine in the FE solver LS-DYNA 

(Livermore Software Technology Corporation, Livermore, CA, USA).  

2.5 Optimization 

The optimization problem was performed with the use of the commercial FE 

optimization software, LS-OPT (Livermore Software Technology Corporation, 

Livermore, CA), which with the use of statistical and optimization methods is able to 

explore a design space and find an optimal design.  A genetic algorithm (GA) technique 

was chosen for the optimization, due to the large number of parameters to be optimized, 

and was performed using the software LS-OPT (Livermore Software Technology 

Corporation, Livermore, CA). Genetic algorithms perform well as global optimizers, 

whereas gradient-based methods can get stuck in local optima when exploring a large 

parameter space.36 In the study by Nair et al. (2007) GAs were found to be a robust 

method for optimizing cardiac material parameters in 3D models.29  

A total of 10 parameters were optimized in the current study. These included the 

diastolic material parameters from the strain energy function (C, 𝑏𝑓, 𝑏𝑡, 𝑏𝑓𝑠) for both the 

remote and infarct regions, as well as the epicardial and endocardial fiber angles in the 

(2) 

(3) 
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infarct. For the infarct, the fiber angles were assumed to vary linearly, as in the remote 

region. The ranges that were defined for each parameter are given in Table 1. These 

values were found to provide sufficient space for the optimization to converge without 

the bounds driving the solution. It was discovered that using shorter infarct angle ranges, 

instead of full 90 degree sets, provided better convergence to the global optimum. Also 

the range for the endocardial fiber angle was shifted toward a more circumferential 

alignment in accordance with observations made by Holmes et al., in which 3 week old 

porcine infarcts were observed to exhibit average collagen fiber directions within 30% of 

circumferential across the majority of the wall.20  

 

Table 1: Optimization Parameter Ranges 

 

            

Table 1: Optimization parameter ranges used in the 1week cases are given in (a) whereas 
the ranges for the other time points are given in (b). 

 

The objective function that was minimized during the optimization was taken to 

be the mean squared error (MSE) between experimentally measured and FE predicted 

strains at an array of points in the midwall of the LV. Specifically, the centroids of 

midwall elements were compared to the nearest LV points from the MRI data where 

strain was measured. This was possible because the LV contours used to generate the FE 

model and experimental strain points were from the same 3D SPAMM data. A total of 

seven rings of elements starting from the base, excluding the first ring, were used for the 

Min Max
C (kPa) 0.1 10
bf 1 100

bt 1 50
bfs 1 50
C (kPa) 0.1 25
bf 1 250

bt 1 60

bfs 1 60
epi-angle (deg) -50 0
endo-angle (deg) 40 90
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Min Max
C (kPa) 0.1 10
bf 1 100

bt 1 50
bfs 1 50
C (kPa) 0.1 25
bf 1 250

bt 1 60

bfs 1 60
epi-angle (deg) -50 0
endo-angle (deg) 0 50
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e
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(a) (b) 
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strain comparison. This led to a total of 252 points where strain was compared. 

Additionally the difference in LV cavity volume was added to the objective function and 

carried an equal weight as that of the strain points. The MSE was defined as  

( )
2

1

2
,,

;3,2,1
;3,2,11

MSE 
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where n is the strain point, N is the total number of strain points, nijE ,  is the computed FE 

end-diastolic strain at each point, and Vm is the computed FE end-diastolic LV volume. 

The overbar represents animal-specific in-vivo measurements. An additional constraint 

was placed on the volume to ensure that it stayed bounded within ±5% of the 

experimentally measured volume.  

A flowchart of the optimization process can be found in Figure 9. Briefly, the 

process begins with the generation of an initial population of 100 random designs. A 

“design” is a unique combination of the 10 parameters within each respective range, 

which are assigned to the FE model. After some initial testing, it was found that the 

population size of 100 FE simulations over 30 generations (iterations) allowed the genetic 

algorithm to produce consistently optimized results. After the initialization, a custom 

MATLAB script takes the fiber angles and modifies the fiber architecture of the FE 

model for each of the 100 designs. LS-DYNA then runs the FE simulations for each 

model, after which LS-OPT begins the optimization process.36 The designs are analyzed 

using the objective function defined previously. The 2 designs with the lowest MSE are 

saved for the next generation in a process called elitism. A tournament selection was 

chosen as the reproduction operator; in accordance, two individual designs are randomly 

selected and the one with the lowest MSE is chosen to participate in mating. The designs 

of the next generation, the children, are created through an exploration operator referred 

to as crossover. This operator randomly selects a number of parents to mate to produce a 

number of children. The children carry qualities of each of their parents in the sense that 

their parameter values are the same as that of a parent or somewhere between the ranges 

of the parents. Using the standard (2,2) strategy for crossover, two children are created by 

and replace two parents. Therefore the sole victor decided in the tournament selection 

mates with each of the other 99 designs in the generation. Mutation is also involved in the 

(4) 
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creation of the child population and incites random changes in parameters based on a 

designated mutation probability. Once the child population of 100 is created, the 2 with 

the highest MSE are replaced by the 2 elites saved from the parent population. Hence the 

new generation is fully created and the process continues with the creation of the next set 

of models and simulations.  

2.6 Simulated Equi-biaxial Extension 

In order to facilitate a clearer interpretation of the material parameters, equi-

biaxial extension tests were simulated using the parameters determined from the 

optimization. The constitutive law, given in Eqn. (2) and (3), was formulated for the case 

of planar equi-biaxial extension, as shown by Guccione et al.25 The resulting stress-strain 

equations were implemented into an in-house MATLAB script, where stress was 

calculated at the same set of strain points for each case. In the formulation, the fiber and 

cross-fiber directions were assumed to align with the loading directions. Additionally, the 

simulated sample was assumed to be a thin, incompressible segment of tissue in which 

there were no changes in fiber orientation through the thickness. 
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Figure 9: Flowchart of the optimization procedure showing the loop for a single 
generation. 
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3. Results 

 The optimizations were each allowed to run for 30 generations, and it was found 

that this allowed sufficient time for convergence to an optimal set of material parameters. 

The optimization software LS-OPT offered a rather functional visual interface with 

which to view the results of optimization runs. A couple examples of visualizations 

created through LS-OPT can be seen in Figure 10, which specifically shows the 

optimizations results for case 4 at 1 week post-MI. In Figure 10 (a) the design points for 

all of the generations can be seen filling the parameter space. The 3D plot presents full 

ranges of two infarct material parameters, so one may view how thoroughly the GA 

searched the parameter space over the course of the optimization. Also provided by the 

figure is a color bar indicating the generation in which each design point was created. 

Notice the even distribution of design points from early generations and how they can 

vary greatly in MSE, the vertical axis. Design points tend to congregate in ever 

compacting clouds of increasingly low MSE values in the latest generations. The 

convergent cloud of design points can be seen more clearly in Figure 10 (b), showing the 

convergence of material parameter 𝑏𝑓,𝑖𝑛𝑓𝑎𝑟𝑐𝑡. Here the colors indicating the generations 

are easier to identify, and one can see how designs from later generations generally 

produce lower MSE values as the optimization hones in on the optimum.  

 The span of all design points for all generations of case 3 at 8 weeks post-MI can 

be seen in Figure 11. The feasibility of each design is also given, where designs which 

violate the volume constraint are designated infeasible. Notice the dense clustering 

around lower values of the parameter C for the remote region. In fact, past the 5th 

generation there aren’t any more feasible designs with a value for C higher than 2. The 

parameter C for the remote region quickly levels off near 1, whereas C for the infarct 

gradually becomes bounded between values of 10 and 20.  

 Figure 12 shows how material parameter values change over the course of the 

optimization. The plots in Figure 12 are from data of the best results, lowest MSE, of 

each generation for case 2 at 1 week post-MI. The values of the non-angle parameters 

were normalized by their respective parameter ranges given in Table 1. Notice how 

rapidly the parameters vary in the early generations as the optimization explores the full 

paramter space. The parameter C for both the remote and infarcted regions is one of the 
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first to level off and stays nearly constant after the 10th generation. All of the parameters 

appear to be optimized by the 24th generation, which is where the optimal paramter set 

was found for case 2 at 1 week post-MI.  
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Figure 10: Optimization results for case 4 at 1 week post-MI depicting two infarct 
parameters. (a) 3D plot of 𝐛𝐟 versus C with the MSE on the vertical axis. Each point 
represents a unique design generated by the optimization. (b) 2D slice of plot (a) with 𝐛𝐟 
versus MSE. The converging cluster of points coincides with the red boxed area in (a). 
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Figure 11: Optimization results for case 3 at 8 weeks post-MI depicting the parameter C 
for both the remote and infarct regions. The 3D plot in (a) gives all of the designs from 
every generation, whereas the feasibility of each design point is shown in (b).  
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Figure 12: Optimization results by parameter for case 2 at 1 week post-MI. The non-
angle values in Table 2 were normalized by their respective ranges allowed by the 
optimization. Results for the remote region can be seen in (a), whereas the infarct results 
are in (b) with the angles in (c). 
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The optimized material parameters for all viable case data are given in Table 2, 

Table 3, and Table 4 for 1 week, 4weeks, and 8 weeks post-MI respectively. Infarcted 

regions consistently showed greater values of parameters in the exponential of the 

constitutive relation used, Equation 3. At 1 week post-MI, each of the cases exhibited a 

strong degree of anisotropy in the infarct regions. The material parameters showed 

greater variability at the later time points, but all cases exhibited a softening of the infarct 

after a rapid increase in stiffness at 1 week post-MI. The infarct angles varied greatly 

between cases and time points. MSE values varied between 4.28 and 11.62, comparable 

to values achieved through a similar approach in previous studies.27,28 In fact, the current 

approach used 1.5 to 2 times more strain components in the MSE calculation than the 

previous studies. This implies that the agreement, between the experimentally measured 

and FE predicted quantities, is better in the current work. 

Upon examining the MSE and endo-angle values in Table 3 and Table 4, it can be 

seen that cases in which the optimized endo-angle laid within 15 degrees of 

circumferential produced the highest MSE values. These cases were also the only ones 

which possessed higher values of 𝑏𝑡 than 𝑏𝑓 in the infarct, implying a greater stiffness in 

the cross-fiber direction. This is an unintuitive result that cannot be easily explained 

through natural phenomena, so it makes sense for these particular cases to have the 

highest MSE results. There appears to be a correlation between the infarct angle at the 

endocardium and the infarct parameter 𝑏𝑓. The endo-angle also seems to have greater 

influence on the outcome of the optimization than the epi-angle. Look at the spread of 

endo-angles in the 1 week post-MI cases of Table 2. They are tightly packed around 42 

degrees with a standard deviation of less than 2. Considering this consensus and moving 

on to the 4 weeks post-MI cases of Table 3, it can be seen that case with the highest MSE 

is also the odd one of the group. At 4 weeks post-MI, case 3 is the only one with a low 

endo-angle of 3.9 degrees, whereas the other cases possessed endo-angles ranging 

between 41 and 49 degrees. The same type of trend can be found in the 8 weeks post-MI 

results in Table 4. 
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Results of the simulated equi-biaxial extension tests for each case can be found in 

Figure 13 through Figure 18. The variability between cases becomes more pronounced at 

4 weeks post-MI, but it can still be readily seen that the infarct regions are stiffer than 

remote regions at each of the time points. The colors for each of the animal cases are used 

consistently through each of the time points post-MI of the simulated equi-biaxial 

extension plots, allowing for the time course of a particular animal to be more easily 

viewed. Only Case 3 had viable data for all 3 time points, but the infarct region appears 

to soften over the time course after a tremendous increase in stiffness at 1 week post-MI. 

This observation gains further credibility from the mean plots of equi-biaxial extension 

simulations in Figure 14, Figure 16, and Figure 18.  

 The mean plots of equi-biaxial extension simulations show that the infarct and 

remote regions both soften over the course of healing after an initial spike in stiffness 

near 1 week post-MI. The anisotropy of the infarct also appears to become less 

pronounced as time progresses. However upon examining the spread of results for 4 

weeks and 8 weeks post-MI in Table 3 and Table 4, this apparent reduction in anisotropy 

may merely be the result of averaging.  

 

Table 2: 1 week Optimization Results 
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Table 3: 4 week Optimization Results 

    Case   
    1 3 5 6 Avg ± Std 

Re
m

ot
e 

C (kPa) 3.86 0.81 0.38 5.83 2.72 ± 2.24 

bf 41.37 56.64 16.67 7.32 30.50 ± 19.56 

bt 11.28 8.39 13.75 3.87 9.32 ± 3.67 

bfs 26.79 45.43 38.35 2.81 28.35 ± 16.18 

In
fa

rc
t 

C (kPa) 88.47 2.83 2.38 9.99 25.92 ± 36.24 
bf 4.03 1.61 24.69 24.49 13.70 ± 10.92 

bt 3.46 15.50 4.20 3.34 6.63 ± 5.13 

bfs 6.37 12.34 7.55 7.93 8.55 ± 2.26 
epi-angle (deg) -27.95 -45.00 -0.14 -44.29 -29.34± 18.19 
endo-angle (deg) 48.55 3.90 47.83 41.84 35.53 ± 18.45 

  MSE 7.15 10.41 7.52 5.40 7.62 ± 1.80 
 

Table 4: 8 week Optimization Results 

 

3 4 5 6 Avg ± Std
C (kPa) 0.75 0.51 0.32 0.64 0.56 ± 0.16
bf 11.51 49.91 15.13 29.99 26.64 ± 15.12

bt 6.64 6.53 44.51 12.66 17.59 ± 15.74

bfs 28.27 34.32 39.97 8.65 27.80 ± 11.80
C (kPa) 18.19 0.93 7.13 6.22 8.12 ± 6.28
bf 1.06 45.52 3.55 25.20 18.83 ± 18.04

bt 2.86 11.96 10.59 3.85 7.32 ± 4.00

bfs 3.76 8.27 51.85 4.07 16.98 ± 20.21

epi-angle (deg) -37.90 -0.28 -45.67 -2.17 -21.50 ± 20.47
endo-angle (deg) 11.34 41.56 13.29 41.50 26.92 ± 14.63
MSE 8.04 4.41 9.96 6.31 7.18 ± 2.06

Re
m

ot
e

In
fa
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t
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Figure 13: Simulated equi-biaxial extension tests of optimized parameters. The values in 
Table 2 were input into the constitutive equation, and these plots were then generated 
using an in-house MATLAB script for biaxial testing. The remote results can be seen in 
(a) and the results from the infarct region in (b). 

(a) 

(b) 
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Figure 14: Average stress-strain curves from simulated equi-biaxial extension testing at 1 
week post-MI. For each strain point in Figure 13, the corresponding stresses of each case 
were averaged for the remote and infarcted regions, respectively. 
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Figure 15: Simulated Equi-biaxial mechanical testing results for (a) remote and (b) 
infarcted regions at 4 weeks post-MI. 

(a) 

(b) 
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Figure 16: Average stress-strain curves from simulated equi-biaxial extension testing at 4 
weeks post-MI. For each strain point in Figure 15, the corresponding stresses of each case 
were averaged for the remote and infarcted regions, respectively. 
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Figure 17: Simulated Equi-biaxial mechanical testing results for (a) remote and (b) 
infarcted regions at 8 weeks post-MI. 

(a) 

(b) 
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Figure 18: Average stress-strain curves from simulated equi-biaxial extension testing at 8 
weeks post-MI. For each strain point in Figure 17, the corresponding stresses of each case 
were averaged for the remote and infarcted regions, respectively. 
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4. Discussion 

 The current study sought to determine in-vivo passive material properties of 

infarcted and remote myocardium over the course of the remodeling process of a healing 

MI. The myocardial fiber angle orientation at the endocardial and epicardial surfaces of 

the infarct were also predicted through an optimization scheme. No other studies were 

found that incorporated MRI, catheterization, FE modeling, and numerical optimization 

to estimate both in-vivo passive material properties and infarct fiber orientations. Though 

few studies have performed experimental biaxial testing on infarcted tissue, Gupta et al. 

showed that the stiffness of apical aneurysms was much greater than the remote 

myocardium in sheep 1 week post infarction.21 In addition, Zhang et al. performed biaxial 

testing on infarcted tissue from the lateral wall of pig ventricles 2 days post-MI.33 Those 

results showed increased extensibility in the cross-fiber direction, which was attributed to 

fiber disruption and necrosis that occurs within the first few days post-MI. 

 It can certainly be gathered from the 1 week post-MI results in Table 2 that the 

infarcted regions initially experience rather significant stiffening and an increase in 

anisotropy. And this matches well with the timeline of infarct remodeling outlined by 

Holmes et al.8 In each of the infarcts at 1 week post-MI, the value of the exponential 

parameter 𝑏𝑓 is significantly greater than the infarct parameters 𝑏𝑡 and 𝑏𝑓𝑠, implying an 

increased stiffness in the fiber direction. The changes in stiffness and anisotropy can be 

much more easily visualized from the simulated equi-biaxial stress-strain curves found in 

Figure 13 through Figure 18. In Figure 13 it can be seen how the infarcted region has 

increased in anisotropy at 1 week post-MI, and this is more readily evident in the 

averaged stress-strain responses of Figure 14.  

At 4 weeks post-MI it appears that the infarct may continue to increase in overall 

stiffness as seen in Figure 14. Case 1 is one of only two for which data was available at 1 

week and 4 weeks post-MI. It shows a continued increase in remote and infarct stiffness 

from 1 week post-MI to 4 weeks post-MI. Shown in Figure 14, the anisotropy of Case 3 

actually reverses, and unlike Case 1, the infarct seems to soften from 1 to 4 weeks post-

MI.  

 However, the time course of Case 3 fits quite well with findings of Gupta et al. 

represented in Figure 3.21 Notice how in those results, the infarct achieved its maximum 
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stiffness at 2 weeks post-MI, at which point its anisotropy reverses and the infarct begins 

to soften. This is very similar to the results of the Case 3 time course, which also exhibits 

a change in anisotropy and softening, but at 4 weeks post-MI. Since there is no other data 

on the time course of a healing MI, besides the results of Gupta et al., the exact timing of 

when an infarct is at its stiffest remains unknown. The data from that study includes times 

of 2 weeks and 6 weeks post-MI whereas the data of the current study is that of 4 weeks 

and 8 weeks post-MI.  

 The infarct collagen fiber architecture predicted in the current study indicates that 

both the epicardial and endocardial angles become more circumferentially oriented at 1 

week post-MI, compared to myofiber angles in the remote region. The endocardial angle 

shifted from 83 degrees to approximately 43 degrees. As previously mentioned, there is a 

great consensus between cases for the endocardial infarct angle at 1 week post-MI. This 

result agrees with findings reported by Holmes et al. (1997) that showed a change in 

endocardial collagen angles of roughly 32 degrees towards the circumferential direction 

in pigs 3 weeks post-MI, compared to sham controls. While there is little data in the 

literature regarding changes in collagen fiber orientation due to MI, the general trend is 

that fibers become more circumferential over time as the MI remodels.8 

 The coupling of material parameters is inherent to the nature of the constitutive 

equation used. As can be inferred from Equation 2, the parameter C of the constitutive 

law popularized by Guccione et al. affects stiffness in all directions. The issue has been 

previously addressed in studies estimating myocardial material properties using MRI, FE 

simulation, and optimization. Xi et al. fixed the value of C at 1 kPa, based on the average 

of previously reported values, and allowed the remaining parameters to optimize 

independent of C.37 This was found to produce more consistent results of parameter 

values between the cases modeled.37 However in each of the optimizations run in this 

study, the parameter C for infarct and remote regions was one of the first parameters to 

plateau to an optimized value. As seen in Figure 11, the parameter C reached its final 

value as early as the tenth generation with the optimized solution found at the 24th 

generation.  

 The results also indicate a coupling between the exponential infarct parameter 𝑏𝑓 

and the fiber angle at the infarcted endocardium. As seen in Table 2, the endocardial 
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fibers have an averaged orientation of 42.65 degrees with a standard deviation of only 

1.64. Three of the four case results at 4 weeks post-MI have infarcts with endocardial 

fiber angles ranging between 41 and 49 degrees and a greater stiffness in the fiber 

direction. These particular cases also have comparably lower MSE values than Case 3, in 

which there is a greater stiffness in the cross-fiber direction and an endo-angle of only 3.9 

degrees. Moving on to the cases at 8 weeks post-MI, the results of Table 4 show that the 

cases with endocardial infarct angles of around 41, Cases 4 and 6, have significantly 

lower MSE values than the others, in which the endo-angle was optimized to 11.34 and 

13.29 degrees. Again, as with the cases at 4 weeks post-MI, the results that agreed best 

with experimental data were also those in which there was a greater stiffness in the fiber 

direction with an endocardial infarct angle of no less than 40 degrees.  

 This observation appears to fit well with findings by Ursell et al., in which the 

progression of myocardial damage is heralded by a wavefront of injury moving from 

endocardium to epicardium.16 As previously mentioned, in a study by Villareal et al. the 

magnitude of normal systolic strains was found to increase significantly from epicardium 

to endocardium in infarcted canine hearts. From mechanobiology, it is known that 

physical forces acting on cells contribute to changes in structure and function. In regard 

to a myocardial infarction, the endocardium would be expected to experience structural 

changes quicker than the epicardium, as the endocardium is exposed to higher strains. 

This may explain why there appears to be a strong correlation between the endocardial 

fiber orientation and the infarct parameter 𝑏𝑓, whereas there is not a easily identified 

trend in epicardial fiber orientation. 

 There are similarities and differences between the approach in the current study 

and previous work. MRI and catheterization were used to quantify wall motion and 

ventricular pressure, respectively, in both the current and previous studies.27,28,37,38 In 

every case, finite element models were generated from the MRI-based geometry and 

loaded with the measured pressure, in order to simulate ventricular deformation.  

However, in work by Wang et al. (2009) and Xi et al. (2013) wall displacement was used 

in the optimization, whereas in the current study, and in work by Sun et al. (2009) and 

Wenk et al. (2011), strain was used to quantify wall deformation in the 

optimization.27,28,37,38 Since displacement is the primary value measured by MRI and 
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strain quantifies only deformation without rigid motion, each approach has distinct 

advantages. 

There are several limitations associated with the approach presented in this work. 

In the current study, and the study by Xi et al., average myofiber angles were assigned to 

the myocardium, which does not fully represent the spatially varying fiber architecture.37 

The transmural change in fiber orientation is modeled as linear throughout, and the 

regional differences, most notably from base to apex, are not included.32 As seen in 

Figure 7 and Figure 8 from the study by Mekkaoui et al., the fiber orientations can vary 

rather non-linearly in the transmural direction of both normal and impaired 

myocardium.32 In the future, fiber angles will be based on DTMRI data, similar to the 

study by Wang et al.,  in order to incorporate more accurate spatially variation.38 The 

reference configuration of the FE model was based on early diastole, where pressure is at 

a minimum, but the ventricle is still partially loaded. In the future, techniques for 

determining the unloaded geometry will be incorporated, similar to Krishnamurthy et 

al.39 The strain field that was calculated from the 3D SPAMM images contained a small 

amount noise. This was minimized as much as possible by smoothing the strain at each 

point of interest with the neighboring values. Despite these limitations, the results of the 

current work are consistent with those of previous studies. 

5. Conclusion 

 The method used in this paper for the estimation of in-vivo passive material 

properties and collagen fiber orientation of a myocardial infarction has proven effective. 

The material properties of the remote region were also able to be determined 

simultaneously with the optimization. The results agree with observations of previous 

studies, such as an increase in infarct stiffness at 1 week post-MI. Similarities between 

the time response of a healing infarction presented in the paper by Gupta et al. and the 

results of Case 3 are also evident.21 The results of the infarct fiber orientations were much 

more varied than the material parameter values, but on average, a trend of the angles 

shifting to a more circumferential orientation could be seen. For future work, diffusion 

tensor fiber data for the remote region would likely help the model’s accuracy 

tremendously.  
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 There have been few studies to produce any data on the in-vivo material 

properties of infarcts, and much less on the properties over the time course of healing. 

There is also very little data on the fiber orientations of infarcted regions and how they 

change during the remodeling process. With improvements in these areas, the proposed 

method for determining in-vivo passive material properties should prove useful in the 

advancement of knowledge of infarcts and ventricular remodeling as well as the 

development of intervention therapies.  
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