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ABSTRACT OF THESIS 

 

 

QUANTIFICATION OF PAPILLARY MUSCLE MOTION AND MITRAL 

REGURGITATION AFTER MYOCARDIAL INFARCTION 
 

 

Change in papillary muscle motion as a result of left ventricular (LV) remodeling 

after posterolateral myocardial infarction is thought to contribute to ischemic mitral 

regurgitation. A finite element (FE) model of the LV was created from magnetic resonance 

images acquired immediately before myocardial infarction and 8 weeks later in a cohort of 

12 sheep. Severity of mitral regurgitation was rated by two-dimensional echocardiography 

and regurgitant volume was estimated using MRI. Of the cohort, 6 animals (DC) received 

hydrogel injection therapy shown to limit ventricular remodeling after myocardial 

infarction while the control group (MI) received a similar pattern of saline injections. LV 

pressure was determined by direct invasive measurement and volume was estimated from 

MRI. FE models of the LV for each animal included both healthy and infarct tissue regions 

as well as a simulated hydrogel injection pattern for the DC group. Constitutive model 

material parameters for each region in the FE model were assigned based on results from 

previous research. Invasive LV pressure measurements at end diastole and end systole were 

used as boundary conditions to drive model simulations for each animal. Passive stiffness 

(C) and active material parameter (Tmax) were adjusted to match MRI estimations of LV 

volume at end systole and end diastole. Nodal positions of the chordae tendineae (CT) were 

determined by measurements obtained from the excised heart of each animal at the terminal 

timepoint. Changes in CT nodal displacements between end systole and end diastole at 0 

and 8-week timepoints were used to investigate the potential contribution of changes in 

papillary muscle motion to the progression of ischemic mitral regurgitation after 

myocardial infarction. Nodal displacements were broken down into radial, circumferential, 

and longitudinal components relative to the anatomy of the individual animal model. Model 

results highlighted an outward radial movement in the infarct region after 8 weeks in 

untreated animals, while radial direction of motion observed in the treated animal group 

was preserved relative to baseline. Circumferential displacement decreased in the remote 

region in the untreated animal group after 8 weeks but was preserved relative to baseline 

in the treated animal group. MRI estimates of regurgitant volume increased significantly 



     

 

in the untreated animal group after 8 weeks but did not increase in the treated group. The 

results of this analysis suggest that hydrogel injection treatment may serve to limit changes 

in papillary muscle motion and severity of mitral regurgitation after posterolateral 

myocardial infarction. 

 

KEYWORDS: Magnetic Resonance Imaging, Finite Element Modeling, Displacement, 

Volume Analysis, Mitral Regurgitation  
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CHAPTER 1.  INTRODUCTION 

1.1 Myocardial Infarction 

The term myocardial infarction (MI) is generally used to denote the cell death of 

cardiac myocytes as a result of ischemia, the restriction in blood supply to tissue that leads 

to a shortage of oxygen needed for cellular metabolism.  Non-ischemic cardiomyopathy 

or other inflammatory diseases can also lead to loss of functional myocardium.  According 

to Thygesen et al., approximately one-third of the world population will die as a result of 

cardiovascular disease, and the largest portion of these deaths will occur in cases involving 

some form of myocardial infarction [31].  The pathophysiology of left ventricular (LV) 

remodeling after MI is well documented and is primarily characterized by structural and 

functional changes. 

Degradation or absolute elimination of contractile function in infarcted tissue 

regions due to myocyte death can cause abnormal loading and stress conditions within the 

myocardium.  These conditions can lead to decreased cardiac output and initiate 

biomechanical and biochemical compensatory reparative mechanisms which can result in 

dilation, hypertrophy, and scarring.  Early remodeling, which may occur within hours to 

days of an adverse event, is generally localized to thinning and expansion of the infarcted 

tissue region due to degradation of myocyte collagen integrity, while late remodeling is 

characterized by global LV dilation, distortion, and deterioration of contractile function 

which can continue over weeks and months following MI.  Inability to adequately 

compensate for increases in myocardium wall stress can eventually lead to a cascade of 

progressive dilation and cell death as cells in the border zone myocardium surrounding the 

infarcted tissue region are incorporated into the infarct [30]. 
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Due to the prevalence of myocardial infarction in cardiovascular disease, treatment 

for regulating LV remodeling after MI has been investigated in depth.  Traditional 

treatment methods to prevent LV remodeling have focused on infarct reperfusion and 

pharmacological intervention; however, mechanical surgical countermeasures that focus 

on physical reinforcement of the infarcted tissue region via suture rows, ventricle wraps, 

balloon inflation, and structural patches have been shown to be effective in limiting LV 

remodeling [21].  Expansion of stem cell research has shown that the application of stem 

cell differentiation can be used as an effective treatment to regenerate infarcted 

myocardium.  A 2001 animal study by Orlic et al. reported a 68% occupation of newly 

formed myocardium within the infarcted portion of the ventricle 9 days after 

transplantation of bone marrows cells in mice [26].  More recent research has focused on 

the implementation of injectable hydrogels both for their efficacy as a vehicle for 

introduction of regenerative stem cells into the myocardium and for structural 

reinforcement due to highly tunable mechanical properties. 

1.2 Mitral Regurgitation 

Myocardial infarction (MI) is known to cause left ventricular (LV) remodeling 

associated with dilatation and distortion of the ventricular shape leading to deterioration 

in contractile function [30].  The normal path of blood through the left side of the heart as 

shown in Figure 1.1 involves filling of the LV with oxygenated blood from the left atrium 

during diastole which is then ejected through the aorta to the rest of the body when the 

heart contracts during systole. 
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Figure 1.1 Normal flow of blood through the heart involves filling the left ventricle with 

oxygenated blood from the left atrium during diastole.  Contraction of the ventricle during 

systole causes blood to be pumped out of the left ventricle through the aorta to the rest of 

the body.  Figure 1.1 is reproduced from Martini et al [4]. 

 

The mitral valve operates as a one-way valve to allow blood to flow into the LV during 

diastole while preventing flow in the opposite direction.  Improper closure of the mitral 

valve can result in an adverse condition known as mitral regurgitation in which blood flows 

backward from the LV to the left atrium.  A previous population-based study by Bursi et 
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al. identified mitral regurgitation in as many as 50% of patients after the first myocardial 

infarction [3].  The presence of mitral regurgitation was found to be an independent 

predictor of cardiovascular mortality in post-MI patients [20].  Due to tethering between 

the LV papillary muscles and the mitral valve via the chordae tendineae, papillary muscle 

dysfunction was clinically assumed to be associated with mitral regurgitation despite the 

lack of objective evidence. 

Echocardiographic examination of the mitral leaflets and left ventricular 

myocardium was used in early studies to investigate the role of the papillary muscles in 

mitral valve closure [10, 22].  Results from Godley et al. provide evidence for development 

of mitral regurgitation from dyskinesis of the LV myocardium involving the papillary 

muscles [22].  A more recent study by Jensen et al. assessed the role of papillary muscle 

displacement in a porcine model of ischemic mitral regurgitation using 3-dimensional 

morphology cardiac MRI [17].  Jensen et al. reported the distance between the anterior and 

posterior papillary muscle to be a predictor of LV regurgitant volume but did not assess 

changes in distances during the cardiac cycle.  In addition to papillary muscle displacement 

and overall LV dilation, change in papillary muscle motion throughout the cardiac cycle 

as a result of left ventricular remodeling after posterolateral myocardial infarction may 

contribute to ischemic mitral regurgitation [35]. 

This group previously showed that in-vivo injected shear-thinning biomaterial 

significantly improved regional contractile function in the border zone and reduced LV 

remodeling in a cohort of Dorset sheep when compared to untreated controls [33].  The 

present study uses a similar animal-specific MRI-based FE model to quantify papillary 

muscle motion before and 8 weeks after MI in the same ovine cohort.  This approach 
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allows us to investigate the potential contribution of changes in papillary muscle motion 

to the progression of ischemic mitral regurgitation after myocardial infarction. 

1.3  Hydrogels 

Synthetic hydrogels have been developed and implemented in a wide range of 

applications since their creation in the 1950s by Wichterle et al [1].  A hydrogel consists 

of a network of polymer chains with functional crosslinking synthesized from hydrophilic 

monomers.  Due to the nature of their composition, a hydrogel can swell to accommodate 

large quantities of water which allows for flexibility similar to natural biological tissue.  

Furthermore, biocompatible hydrogels have been developed using naturally occurring 

extracellular matrix components such as hyaluronic acid.  The mechanism of cross linking 

as well as the type of polymer chain being crosslinked affects the properties of the hydrogel 

and allows for the introduction of a diverse range of desirable attributes depending on the 

application.  As briefly discussed in a previous section of this document, recent research 

has investigated several applications of hydrogels in the medical field such as absorbable 

sutures, tissue engineering and regeneration, and drug delivery [1, 9].  This thesis will focus 

on the use of an injectable biological hydrogel treatment shown to enhance the mechanical 

properties of an infarcted tissue region and limit left ventricular remodeling following 

myocardial infarction. 
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1.4 Finite Element Modeling 

Modelling cardiac mechanical properties in vivo has been a challenging problem 

for researchers.  While traditional in vitro material property testing methods can provide 

useful information about the behavior of cardiac tissue, functional forms and parameters 

of the governing constitutive equations used in modeling must describe material properties 

for both resting and active, as well as normal and diseased myocardium, in vivo.  One of 

the most challenging aspects of cardiac tissue modeling is that the constitutive properties 

of myocardium are three dimensional, anisotropic, nonlinear, and time dependent [5], 

properties that were shown previously via in vitro biaxial tests conducted by Yin and 

Demer in 1983 [38]. 

In order to account for the myofiber structure of the myocardium, Guccione et al. 

developed a transversely isotropic exponential strain function which includes a system of 

fiber oriented strain components [15].  More recent work by Wenk et al. has expanded on 

the Guccione methods to incorporate and investigate regional contractility and stress 

differences within a left ventricular finite element model [36, 37].  The capability to 

incorporate regional inhomogeneity of material properties into the cardiac model has 

enabled the investigation of contractility and stress within the myocardium of a ventricle 

that has been compromised by myocardial infarction.  Wenk et al. used these methods to 

develop a ventricle model with healthy, infarct, and border zone tissue regions in order to 

objectively quantify and characterize stress distributions within the border zone region that 

potentially drive the recruitment of border zone myocytes into the infarcted tissue region 

discussed in an earlier section [37].  In 2009, Wenk et al. published their methods of 

simulation and optimization of polymeric injection patterns within a diseased ventricle to 
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reduce adverse myocardium wall stress and limit ventricular remodeling.  Furthermore, 

Wenk et al. provided insights into the development of ischemic mitral regurgitation using 

the first finite element model of the full left ventricle with mitral valve [35]. 

More recently, Wang et al. used the Guccione methods previously described to 

investigate transmural differences in left ventricular contractility [34].  The same group, in 

conjunction with the Gorman Cardiovascular Group at the University of Pennsylvania, 

developed and implemented animal specific finite element models of the left ventricle with 

healthy and infarcted tissue regions as well as a novel hydrogel injection treatment shown 

to limit LV remodeling in order to estimate regional myocardial stress and contractility in 

a cohort of sheep [33, 27].  The work discussed in this thesis uses these methods to assess 

changes in papillary muscle motion and mitral regurgitation following myocardial 

infarction in the same cohort of animals.  Data collection and analysis methods are 

discussed in greater detail in chapter two of this thesis.  Results of the analysis and 

discussion of the work presented in this thesis are reported in chapters three and four 

respectively.  Finally, chapter five provides a conclusion of this work as well as prospects 

for future study and application. 
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CHAPTER 2. ANALYSIS 

2.1 Data Overview 

The data presented in this study were previously collected as part of a study by Rodell 

et al. [27] in compliance with the University of Pennsylvania’s Institutional Animal Care 

and Use Committee and in agreement with the National Institute of Health’s guidelines for 

the care and use of laboratory animals (NIH Publication 85-23, revised 1996).  In summary, 

a cohort of Dorset sheep underwent a left thoracotomy and subsequent posterolateral 

infarction produced by suture ligation of obtuse marginal branches to result in an infarct 

area of approximately 20% of the LV and involving the posterior papillary.  Infarct area 

coverage of the papillary muscle was unsatisfactory in one animal from each of the 

untreated and treated groups, and those data are excluded from this analysis.  Thirty 

minutes post ligation, 16 injections (0.3 mL each via ½ mL syringe, with 27G ½” needle) 

consisting of saline (MI control) or hydrogel (DC treatment) were administered via direct 

injections to the infarct region during thoracotomy.  As a proof of concept, the Gorman 

group demonstrated successful administration of hydrogel through percutaneous 

intramyocardial injection to the inferior and anterior walls of the LV via the right carotid 

as well as to the RV septal wall via the internal jugular. 

The shear-thinning, self-healing hydrogel treatment investigated in this study is a 

modified hyaluronic acid polymer entirely designed and implemented by Rodell et al.  The 

hydrogel used in this study includes a secondary crosslinking of polymer chains, also 

referred to as dual-crosslinking (DC) to enhance mechanical properties and prolong 

degradation.  A representative ligation site, infarct area, and injection location map for one 

animal in the treated DC group are shown in Figure 2.1. 
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Figure 2.1 Unwrapped left ventricular site map showing ligated obtuse marginal branches 

(OM2), ligation site (orange X), infarct outline markers (green O), and injection sites (red 

X). 

 

Intramyocardial hydrogel injections can be seen in the cross section of the infarct tissue 

region of an excised heart of a DC treatment group animal at the 8 week timepoint in Figure 

2.2. 
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Figure 2.2 Hydrogel injections can be seen in this cross section of infarcted myocardium 

in a DC treatment group excised heart at the 8 week terminal timepoint. 

 

MRI acquisition was performed at 3T (Tim Magnetom Trio Scanner; Siemens, Inc.) 

immediately before infarct as well as 8 weeks post infarct.  Cardiac gating was performed 

by placement of a pressure catheter (Millar Instruments, Inc.) into the LV.  2D cine MRI 

scans were conducted with the following parameters: field of view = 280x166.25mm, 

acquisition matrix = 256x152 pixels, repetition time = 27.52 ms, echo time = 1.46 ms, BW 

= 930 Hz/pixel, slice thickness = 4mm.  Infarct location and geometry was confirmed using 

additional late gadolinium enhancement imaging.  Severity of mitral regurgitation was 
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rated (scale 0-3) by two-dimensional echocardiography.  At 8 weeks post-MI, the animals 

were euthanized and the hearts were excised. 

2.2 Finite Element Model 

Left ventricular geometry in each animal at both timepoints was obtained from 2D 

cine image contours using ImageJ.  Of importance to note is that contours included both 

papillary muscles as shown in Figure 2.3, which is different than certain types of image 

analysis. 

 

Figure 2.3 LV endocardial contours on one short axis slice (a) immediately before infarct 

and (b) 8 weeks later in the same untreated animal. 

 

A custom MATLAB (MathWorks, Inc., Natick, MA) script was developed to process the 

contours from Image J by importing and converting contour point locations for each slice 

from voxel dimensions to millimeters.  Left ventricular contours can be assembled into a 
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vertical stack to represent the ventricle in three-dimensional space as shown in Figure 

2.4. 

 

 

Figure 2.4 Left ventricular endocardial contours assembled in 3D space in MATLAB. 
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Surfaces were generated from endocardial and epicardial contours as shown in Figure 2.5. 

This was accomplished by fitting the contour points with geometric surfaces using the 

software Rapidform (INUS Technology, Inc, Sunnyvale, CA). 

 

 

Figure 2.5 Left ventricular endocardial and epicardial IGES surfaces generated from stack 

contours and rendered in Creo Parametric 4.0 (PTC, Inc., Boston, MA). 

 

The IGES surfaces generated from the endocardial and epicardial contour slices were then 

used to create individual finite element (FE) models for each animal at the 0 week and 8 

week timepoint using trilinear 8-node hexahedral brick elements (TrueGrid, XYZ 
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Scientific, Inc.).  The LV wall was divided evenly into three transmural layers from 

endocardium to epicardium as shown in Figure 2.6. 

 

 

Figure 2.6 Full LV FE model (a) and FE model short axis slice (b) immediately before 

infarct (1) and 8 weeks later (2) in the same untreated animal.  Red elements represent 

healthy myocardium while blue elements represent the infarcted myocardium region. 

 

FE models for each animal at the 8 week timepoint included both healthy and infarcted 

tissue regions as well as a simulated hydrogel injection pattern for the treated DC group 
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based on previous MRI data [10].  MRI reconstruction of the hydrogel injection pattern 

observed in a representative animal after initial injection is shown in Figure 2.7. 

 

 

Figure 2.7 MRI reconstruction of hydrogel injection pattern after initial injection in one 

representative animal.  This figure is reproduced from Wang et al [33]. 

 

A simulated hydrogel injection pattern was built into the mid wall of the myocardium 

within the infarct region of the treated group animal models using the patterns observed in 

the MRI reconstruction presented in Figure 2.7.  A representative model with hydrogel 

injection pattern is shown in Figure 2.8. 
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Figure 2.8 Representative DC group animal left ventricle model at 8 weeks showing 

healthy myocardium (red), infarct tissue region (blue) and injected hydrogel material in the 

mid wall region (green). 
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Cardiac myofiber distribution within each element was assigned in both infarct and remote 

tissue regions based on the results from a previous study [6].  A myofiber distribution of -

37º at epicardium to +83º at endocardium, with respect to the circumferential direction, 

was used for the remote tissue region in both groups at all timepoints.  At 8 weeks post-

MI, the infarct tissue region in the untreated MI group was assigned a myofiber distribution 

of -18º at epicardium to +27º at endocardium, while the treated DC group was assigned a 

myofiber distribution of -2º at epicardium to +26º at endocardium. 

Each FE model simulation consisted of both a passive diastolic filling phase and an 

active systolic contraction phase (LS-DYNA, Livermore Software Technology 

Corporation).  The methods used in this study to create the finite element models and the 

equations used to drive the model simulations were obtained from previous research [33, 

37, 27].  The passive myocardium response was represented using a nearly incompressible, 

transversely isotropic, hyperelastic material defined by the following strain energy 

function [13, 14]: 

 

𝑊𝑚𝑦𝑜𝑐𝑎𝑟𝑑𝑖𝑢𝑚 =
𝐶

2
× (𝑒𝑏𝑓𝐸𝑓𝑓

2 +𝑏𝑡(𝐸𝑠𝑠
2 +𝐸𝑛𝑛

2 +𝐸𝑛𝑠
2 +𝐸𝑠𝑛

2 )+𝑏𝑓𝑠(𝐸𝑓𝑠
2 +𝐸𝑠𝑓

2 +𝐸𝑓𝑛
2 +𝐸𝑛𝑓

2 ) − 1) +
𝑘

2
(𝐽 − 1)2 

(Eq. 2.1) 

 

where Eij are the deviatoric components of the Green-Lagrange strain tensor relative to the 

myofiber coordinate system (f = fiber direction, s = cross-fiber in-plane direction, n = 

transverse-fiber direction) and J is the determinant of the deformation gradient.  The 

passive material parameter C scales stress in all directions, while bf scales the fiber 

direction stiffness, bt scales the cross-fiber direction stiffness, and bfs scales the transverse-
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fiber direction stiffness.  The response of the hydrogel injections in the DC group was 

represented using a nearly incompressible, isotropic, hyperelastic material law defined by 

the following strain energy function [33]: 

 

𝑊𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =
𝐸

2(1+𝑣)
tr(𝐄2) +

𝐸

6(1−2𝑣)
ln⁡(𝐽)2 (Eq. 2.2) 

 

where E is the deviatoric Green-Lagrange strain tensor and the material parameters for 

Young’s modulus (E) of the hydrogel were assigned based on experimental results [27].  

Poisson’s ratio (υ) was assigned a value of 0.499 to represent near incompressibility. 

Systolic stress in the myocardium, calculated as the sum of the passive stress 

derived from the strain energy function given in Equation 2.1 and the active stress 

generated along the fiber direction, is given in Equation 2.3. 

 

𝐒 = 𝑝𝐽𝐂−1 + 2𝐽−2/3Dev (
𝜕�̅�

𝜕�̅�
) + 𝐓𝟎{𝑡, 𝐶𝑎0, 𝑙, 𝑇max} (Eq. 2.3) 

 

where Dev() is the deviatoric operator, and the active stress T0 is a function of time t, peak 

intracellular calcium Ca0, sarcomere length l, and maximum isometric tension Tmax.  

Specifically, the active contraction T0 is defined by the modified Hill equation given in 

Equation 2.4. 

 

𝐓𝟎 =
1

2
𝑇max

𝐶𝑎0
2

𝐶𝑎0
2+𝐸𝐶𝑎50

2 (1 − cos(
0.25

𝑚𝑙𝑅√2𝐸𝑓𝑓+1+𝑏
+ 1)𝜋) (Eq. 2.4) 
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where m and b are constants, Eff is strain in the fiber direction, and 𝐸𝐶𝑎50
2  is length-

dependent calcium sensitivity given in Equation 2.5. 

 

𝐸𝐶𝑎50
2 =

(𝐶𝑎0)max

√exp[𝐵(𝑙𝑅√2𝐸𝑓𝑓+1−𝑙0)]−1
 (Eq. 2.5) 

 

where B is a constant, l0 is the length at which the sarcomere does not generate any force, 

and lR is the stress-free reference sarcomere length.  The equations used to model length 

dependent active tension and external calcium concentration for cardiac myocytes were 

developed previously [13, 14].  Figure 2.9 shows the comparison between model 

estimations and experimental results for active tension. 

 

 

Figure 2.9 Experimentally measured length dependent active tension at different 

concentrations of external calcium (a) and time and length dependent active force 

generation (b) in cardiac myocytes compared to model estimations (dashed) [13, 14]. 
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Invasive LV pressure measurements at end diastole and end systole were used as 

boundary conditions to drive model simulations for each animal.  The passive myocardium 

and hydrogel material response during the diastolic filling phase were driven by the strain 

energy functions provided in Equations 1.1 and 1.2 respectively.  Passive stiffness (C) and 

maximum myocyte isometric force generation (Tmax) were adjusted such that the model 

matched MRI LV volume estimations at end diastole and end systole.  Constitutive model 

material parameters C, Tmax, bf, bt, bfs, for each region in the FE model were assigned based 

on results from previous studies [3, 4, 5, 10, 13] and are provided in Table 2.1.  Passive 

material parameters bf, bt, and bfs were assigned differently in the remote and infarct region 

based on results from previous studies [6, 24, 27, 33]. 

 

Table 2.1 Comparison of constitutive model parameters between the MI and DC group in 

the remote and infarct regions at 8-weeks post-MI.  Data are presented as mean ± 

standard deviation where applicable. 

   C (kPa)  Tmax (kPa)  bf  bt  bfs 

MI 
Remote  0.75 ± 0.66  278.7 ± 186.4  22.84  3.46  12.00 

Infarct  7.41 ± 6.92  -  15.28  8.32  25.27 
            

DC 
Remote  0.09 ± 0.06  93.6 ± 43.1  22.84  3.46  12.00 

Infarct   3.26 ± 3.32   -   139.26   18.55   25.74 

 

2.3 Papillary Muscle Motion 

After completion of the simulations, full LV geometry node locations were exported 

at both end diastole and end systole.  Nodal positions of the chordae tendineae (CT) 

attachment sites on the papillary muscles were determined by measurements obtained from 
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the excised heart of each animal at the terminal timepoint.  The left ventricle of an excised 

heart showing the infarct tissue region, posterior and anterior papillary muscles, and 

chordae tendineae attachment locations can be seen in Figure 2.10. 

 

 

Figure 2.10 Unwrapped left ventricle from an excised heart highlighting the infarct tissue 

region (blue), papillary muscles (green), and chordae tendineae attachment site (red). 

 

A custom MATLAB script was developed to process the exported node files and 

extract useful location and motion data of the CT attachment nodes at end diastole and end 

systole.  A local coordinate system was created for each CT attachment node and nodal 

displacement from end diastole to end systole was quantified in terms of the local 
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coordinate system for each corresponding node.  The centroid of each ring of elements was 

calculated along the entire length of the ventricle, and the long axis of the ventricle was 

defined as the best fit line to the set of calculated centroid points and the apex node of the 

ventricle.  Three-dimensional node and displacement vector plots are shown in Figure 2.11. 

 

 

Figure 2.11 Three-dimensional node location (blue), CT node displacement vectors 

(orange) from end diastole to end systole, and LV long axis (green) calculated in MATLAB 

for the same animal at 0 week (a) and 8 week (b) timepoints.  Global z axis is shown for 

both end diastolic and end systolic figures but does not apply to the relative motion figure. 
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For each CT attachment node, the positive longitudinal direction was defined as the 

positive vertical axis relative to the FE model and the positive radial direction was defined 

as the outward vector pointing away from the long axis of the ventricle toward the 

corresponding CT attachment node.  The circumferential direction was defined as the cross 

product between the longitudinal and radial vectors.   CT attachment node displacements 

from each region (remote or infarct) were averaged to obtain radial, circumferential, and 

longitudinal displacement values for each papillary muscle within each animal at each 

timepoint.  Circumferential, longitudinal, and radial local coordinate system vectors for 

one of the CT attachment nodes can be seen in Figure 2.12. 
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Figure 2.12 End diastolic LV endocardial nodes (dark blue) for one model highlighting CT 

attachment node locations (light blue), calculated long axis of the ventricle (green), CT 

attachment node motion vectors (orange) and local coordinate system for one of the CT 

attachment nodes (red). 

 



25 

 

 

Figure 2.13 Closeup view of a small portion of the LV endocardial node cloud (dark blue) 

highlighting papillary CT attachment nodes (light blue), motion vectors (orange), and local 

coordinate system for one CT attachment node (red). 

 

A repeated-measures ANOVA model was used to calculate test statistics and p-values for 

each term in the 3-way full-factorial model, considering the 3-way interaction between 

timepoint, region, and treatment, as well as each 2-way interaction and main effect.  

Pairwise differences were extracted and reported for effects that were statistically 
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significant.  Average displacements for each group, and timepoint for both tissue regions 

are provided in Section 3.1 of this document. 

2.4 Mitral Regurgitation 

As part of the original data collection and analysis by Rodell et al., mitral 

regurgitation (MR) was rated on a scale from 0-3 (none to severe) by two-dimensional 

echocardiography at both 0 and 8 week timepoints.  Assessments of mitral regurgitation by 

two-dimensional echocardiography are shown in Figure 2.14 and Figure 2.15. 

 

 

 

Figure 2.14 Two-dimensional echo apical view of a sheep heart after myocardial infarction 

showing (a) the left ventricle (LV), left atrium (LA), and aorta LV outflow tract (Ao); (b) 

color Doppler overlay of the same view showing an MR rating of 1+. 
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Figure 2.15 Two-dimensional echo apical view of a sheep heart after myocardial infarction 

showing (a) the left ventricle (LV), left atrium (LA), and aorta LV outflow tract (Ao); (b) 

color Dopper overlay of the same view showing an MR rating of 3+. 

 

Additional quantification of MR was performed using short-axis MRI contours of the LV 

and RV.  Full LV and RV end diastolic and end systolic contours were generated for each 

animal at both 0 week and 8 week timepoints in a semi-automated fashion using a custom 

MATLAB script.  Ventricle volumes were calculated as the sum of voxel volumes 

contained within the set of contours for each ventricle.  The stroke volume of each 

ventricle was calculated as the difference in ventricle volume between end diastole and 

end systole.  Regurgitant volume and fraction were calculated from the ventricular stroke 

volumes based on methods described in previous studies [16, 21].  Regurgitant volume, 

VR, was calculated as the difference between the LV and RV stroke volume: 
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𝑉𝑅 = 𝑆𝑉𝐿𝑉 − 𝑆𝑉𝑅𝑉 (Eq 2.6) 

 

and the regurgitant fraction, FR, was calculated as: 

 

𝐹𝑅 = 𝑉𝑅/𝑆𝑉𝐿𝑉 (Eq 2.7) 

 

where VR is the regurgitant volume and SV units are in mL.  A comparison between MRI 

estimates of regurgitant volume, regurgitant fraction, and MR rating by two-dimensional 

echocardiography is shown in the results section of this thesis in Table 3.3.  Average 

values for regurgitant volume and regurgitant fraction within each treatment group and 

timepoint are shown in the results section of this thesis in Table 3.4. 

In order to quantify changes in ventricle size between timepoints, the average mid-

ventricle diameter was calculated for each model.  The mid-ventricle slice was calculated 

as the slice halfway between the first and last slice on which the full LV contours were 

drawn.  A circle was fit by minimization of the residual sum of squares to the LV contour 

on the mid ventricle slice, as well as the slice immediately below and above, and circle 

diameter was averaged between the three slices to approximate mid-LV diameter.  

Average mid-LV diameter at end diastole and end systole for each group and timepoint 

are provided in the results section of this thesis in Table 3.5. 
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CHAPTER 3. RESULTS 

3.1 Papillary Muscle Motion 

Papillary muscle displacements in each region (remote and infarct), timepoint (0 

and 8 weeks), and group (untreated MI and treated DC) are reported in this section.  As 

previously described in Section 2.3, CT attachment node displacements from each region 

(remote or infarct) were averaged to obtain radial, circumferential, and longitudinal 

displacement values for each papillary muscle.  Average papillary muscle displacements 

for the remote tissue region are reported in Table 3.1. It can be seen that the magnitude of 

inward radial displacement is significantly greater in the DC treatment group compared to 

the MI control group, at both the 0 week and 8 week timepoint.  Furthermore, 

circumferential displacement in the remote tissue region is preserved relative to the 0 week 

timepoint in the DC treatment group, but is significantly less in the MI control group at 

the 8 week timepoint. 

 

Table 3.1 Average left ventricle papillary muscle displacement in the remote tissue 

region.  Data are presented as mm ± standard deviation. 

Remote  

  Radial  Circumferential  Longitudinal 

MI 
0wk -5.2 ± 1.9  -3.2 ± 0.5  1.8 ± 1  

8wk -4.4 ± 2    -1.1 ± 0.4‡  1.6 ± 0.6  

        

DC 
0wk -7.1 ± 2.2*  -3.6 ± 0.9  3.3 ± 1.4  

8wk -6.4 ± 2.4*     -3.6 ± 1.3*   2.3 ± 0.5   

* p < 0.05 compared to MI control, ‡ p < 0.05 compared to 0wk baseline within the same 

group, † p < 0.05 compared to remote region within the same group and timepoint. 

 



30 

 

Average papillary muscle displacements for the infarct tissue region are provided in Table 

3.2.  Radial displacement in the infarct tissue region is significantly greater in the DC 

treatment group compared to the MI control group, at both timepoints.  Additionally, 

average radial displacement in the infarct tissue region is positive for the untreated MI 

group, indicating outward movement of the infarcted myocardium during systole, while 

the direction of motion inward was preserved in the treated DC group.  Circumferential 

displacement in the infarct tissue region decreased significantly from 0 weeks to 8 weeks 

in both animal groups.  Longitudinal displacement in the infarct tissue region was 

significantly less at the 8 week timepoint in both groups compared to the 0 week timepoint. 

 

Table 3.2 Average left ventricle papillary muscle displacement in the infarct tissue 

region. Data are presented as mm ± standard deviation. 

Infarct 
   Radial  Circumferential  Longitudinal 

MI 
0wk  -5.3 ± 1.1  -3 ± 0.9  3.3 ± 0.3 

8wk  1 ± 0.8‡†  -1.5 ± 0.6‡  1.9 ± 0.8‡ 
        

DC 
0wk  -6.9 ± 1.8*  -3.1 ± 1.2  4.4 ± 0.7 

8wk   -1.3 ± 1.4*‡†   -1.7 ± 0.3‡†   1.4 ± 0.7‡ 

* p < 0.05 compared to MI control, ‡ p < 0.05 compared to 0wk baseline within the same 

group, † p < 0.05 compared to remote region within the same group and timepoint. 

 

3.2 Mitral Regurgitation 

MRI estimates of mitral regurgitation were compared to echo Doppler ratings by 

the methods previously discussed in Section 2.4.  Table 3.3 shows the comparison of echo 

rating, MRI regurgitant volume, and MRI regurgitant fraction.  Mitral regurgitation was 
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rated at the 0 week and 8 week timepoint in each animal.  Table 3.3 includes the number 

of times (n) that a specific echo Doppler rating was assigned across all animals and 

timepoints. 

 

Table 3.3 Comparison between MRI estimates of regurgitant volume, regurgitant 

fraction, and rating by two-dimensional echocardiography.  Data are presented as mean ± 

standard deviation. 

Echo 

Rating 
 

n 
 

MRI Regurgitant Volume 

(mL) 
 

MRI Regurgitant 

Fraction (%) 

0 
 

5 
 

2.4 ± 2.5 
 

4.6 ± 3.9 

1 
 

12 
 

4.5 ± 2.6 
 

8.7 ± 3.9 

2 
 

5 
 

9 ± 4.2 
 

20.3 ± 8.6 

3   2   25.3 ± 19.6   35 ± 20.3 

 

A comparison of MRI estimates of regurgitant volume and regurgitant fraction between 

treatment groups for each timepoint is shown in Table 3.4.  Regurgitant volume and 

regurgitant fraction significantly increased in the untreated MI control group from the 0 

week timepoint to the 8 week timepoint.  Regurgitant volume and regurgitant fraction did 

not change from the 0 week to the 8 week timepoint in the treated DC group.  In addition, 

these values are associated with echo ratings which imply no leakage of the valve at the 8 

week timepoint. 
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Table 3.4 Comparison of regurgitant volume and regurgitant fraction between treatment 

groups.  Data are presented as mean ± standard deviation. 

  0wk  8wk 

Regurgitant Volume (mL) 
MI 2.7 ± 1.3  14.8 ± 12.2‡ 

DC 4.4 ± 3.9  5.0 ± 3.1* 
     

Regurgitant Fraction (%) 
MI 7.5 ± 3.8  25.7 ± 13.6‡ 

DC 8.9 ± 4.2   7.8 ± 4.2* 

* p < 0.05 compared to MI control, ‡ p < 0.05 compared to 0wk baseline within the same 

group. 

 

A comparison of average mid-ventricle end diastolic and end systolic diameter between 

treatment groups for each timepoint is shown in Table 3.5.  End diastolic diameter and end 

systolic diameter significantly increased from the 0 week timepoint to the 8 week timepoint 

in both the untreated MI and the treated DC animal groups.  While there is no significant 

difference in end diastolic diameter between treatment groups, end systolic diameter is 

significantly greater in the untreated MI group than the treated DC group at the 8 week 

timepoint.  This indicates that there is less dilation and greater inward radial motion at end 

systole in the treated animal group. 
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Table 3.5 Comparison of average mid-LV diameter at end diastole and end systole 

between groups and timepoints.  Data are presented as mean ± standard deviation. 

    0wk  8wk 

End Diastolic Diameter (mm) 
 MI  35 ± 2  50.7 ± 6.5† 
 DC  36.2 ± 5.2  44.6 ± 4.3† 

       

End Systolic Diameter (mm) 
 MI  21.8 ± 3.2  42.4 ± 6.8† 

  DC   21.1 ± 5.4   33.4 ± 5.5*† 

* p < 0.05 compared to MI control, † p < 0.05 compared to 0wk baseline within the same 

group  
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CHAPTER 4. DISCUSSION 

While the relationship between the progression of ischemic mitral regurgitation and 

left ventricular remodeling after myocardial infarction has been investigated in depth, 

changes in quantifiable metrics of the ventricular wall and papillary muscle motion are not 

as readily available.  Previous research has shown that chordae tendineae (CT) have an 

important role in mitral valve competence as well as left ventricular geometry and function 

[10, 18].  Due to tethering between the mitral valve and the papillary muscles in the left 

ventricle via CT, it is plausible that changes in left ventricular wall and papillary muscle 

motion following myocardial infarction could contribute to the progression of ischemic 

mitral regurgitation [10, 11, 17, 21 35].  Previous research from Gorman et al. concluded 

that myocardial infarctions that include the anterior papillary muscle do not produce mitral 

regurgitation regardless of size, while mitral regurgitation was shown to occur following 

an infarct involving the posterior papillary muscle.  According to Gorman et al., large 

posterior infarcts may result in mitral regurgitation caused in part by discoordination of 

papillary muscle relationships to the mitral valve [11].  The current study presents a method 

to quantify changes in papillary muscle motion following posterolateral myocardial 

infarction which may contribute to the development and progression of ischemic mitral 

regurgitation. 

In this study, quantifiable changes in CT papillary muscle attachment site 

displacements were assumed to be representative of overall papillary muscle motion.  

Changes in papillary muscle motion and estimates of mitral regurgitation were compared 

between a group of animals that received a hydrogel treatment (DC) shown to limit 

ventricular remodeling after myocardial infarction and a control group (MI).  Regurgitant 



35 

 

volume and regurgitant fraction calculated from MRI estimates of LV and RV stroke 

volume (Table 3.4) were not different between the DC and MI groups at the 0 week 

baseline timepoint.  Both regurgitant volume and regurgitant fraction significantly 

increased in the untreated MI group from the 0 week to 8 week timepoint, while no 

significant change was observed in the treated DC group.  Average CT papillary muscle 

attachment node displacement in the radial, circumferential, and longitudinal directions 

were compared between treatment groups (MI, DC), region (Remote, Infarct), and 

timepoint (0 week, 8 week) as shown in Table 3.1 and Table 3.2. 

The magnitude of radial displacement was significantly greater in the treated DC 

group than the untreated MI group regardless of timepoint or region.  Despite this 

systematic difference between groups, it is important to note that the calculated outward 

radial displacement of the papillary muscle in the infarct region is indicative of an outward 

bulging of the compromised infarcted tissue region at the 8-week timepoint in the untreated 

MI group.  This outward radial displacement calculated from the FE model simulation is 

consistent with recorded observations of left ventricular dyskinesia from MRI and 

echocardiography.  The mechanism for development of mitral regurgitation from 

dyskinesis of the posterior portion of the LV wall is postulated in Godley et al. and Gorman 

et al [10, 11].  A posterior displacement of the LV wall that occurs in dyskinesis could 

increase the tension on the chordae tendineae connecting the posterior papillary muscle and 

the anterior leaflet of the mitral valve, causing the anterior leaflet to be pulled into the LV 

cavity.  A similar mechanism for the development of MR is outline in a more recent study 

by Levine et al [21]. 
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The Rodell paper that originally reported on the efficacy of this specific hydrogel 

treatment to prevent left ventricular remodeling did not comment on the development of 

mitral regurgitation.  A previous study from McGarvey et al. under the guidance of the 

Gorman group showed that injectable microsphere gels improved ratings of mitral 

regurgitation by echocardiography in a porcine model [24].  The work presented in this 

thesis provides additional insight into the development of mitral regurgitation following 

posterolateral myocardial infarction by providing quantifiable metrics of changes in 

papillary muscle movement.  While it is possible that future studies may be able to obtain 

papillary muscle motion experimentally using 3D displacement-encoded MRI, the 

appropriate MRI data to perform this type of analysis was not collected in the present study.  

This thesis outlines an effective method for quantification of papillary muscle motion using 

3D FE models built from a stack of 2D cine MR images. 

Mid-LV diameter was calculated to provide a metric that could be used to gain 

additional insight on both global LV remodeling as well as changes in papillary muscle 

motion.  As can be seen in Table 3.5, end diastolic diameter and end systolic diameter were 

not different between the MI control group and the treated DC group at the 0 week 

timepoint.  At the 8 week timepoint, the end diastolic diameter was not significantly 

different between the two groups; however, average mid-LV end systolic diameter was 

significantly less in the treated DC group than in the untreated MI group.  Due to an 

increase in regurgitant volume in the MI group that was not observed in the treated DC 

group, similarity in end diastolic diameter between groups at the 8 week timepoint could 

suggest that inability to maintain a low systolic diameter relative to end diastolic diameter 

is a predictor of mitral regurgitation.  Jensen et al. found that anterior to posterior papillary 



37 

 

muscle distance at end systole showed the strongest correlation with regurgitant volume of 

papillary muscle position parameters that were tested, but did not discuss combinations of 

effects [17].  The results of the current study indicate that the DC treatment has both a 

global effect, indicated by the smaller end systolic diameter, as well as a local effect, 

indicated by the inward radial motion of the infarcted papillary muscle region. 

The magnitude of circumferential displacement significantly decreased between 0 

week and 8 week timepoints in the infarct region in both groups, as well as the remote 

region in the untreated MI group.  Circumferential displacement was preserved between 0 

and 8 weeks in the remote region of the treated DC group.  Longitudinal displacements 

similarly decreased in the infarct region between 0 and 8 weeks for both treated and 

untreated groups.  Although the magnitude of displacement decreases in all directions in 

the infarct region for both the MI and DC groups, the positive (outward) motion in the 

radial direction of the MI group could contribute to the significant increase in regurgitant 

volume.  Additionally, circumferential displacement, which is linked to the twisting motion 

of the LV, is decreased in both the remote and infarct region of the MI group but is 

preserved in the remote region of the DC group.  The combination of these two factors may 

serve to highlight the role of changes in papillary muscle motion in the progression of 

mitral regurgitation.  A correlation analysis between measurements of mitral regurgitation 

and changes in direction and magnitude of displacement may provide some additional 

insight into the results outlined in this study.  Regardless of the underlying mechanism, the 

results of this study show that regurgitant volume did not increase 8 weeks after myocardial 

infarction in the group of animals that received the hydrogel injection therapy in contrast 

to the significant increase in regurgitant volume observed in the untreated animal group. 
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CHAPTER 5. CONCLUSION 

The purpose of this study, within the scope of this thesis, was to quantify the 

differences in papillary muscle motion and progression of mitral regurgitation between a 

group of untreated animals and a group of animals treated with hydrogel injection therapy.  

As outlined in this thesis, dyskinesis of the LV wall involving one or both papillary muscles 

is thought to influence the development of mitral regurgitation due to tethering between 

the mitral valve and papillary muscles via the chordae tendineae.  Early research used 

echocardiography to estimate LV myocardium dyskinesis involving the papillary muscles.  

A more recent study employed the use of 3D morphology cardiac MRI to characterize the 

spatial location of the papillary muscles in groups of animals with and without FIMR [17].  

The current study used FE model simulations constructed from LV contours to show that 

while differences in papillary muscle motion occur between 0 and 8 weeks post-MI in both 

treated and untreated groups, dyskinesis of the posterior papillary muscle thought to 

contribute to MR was only observed in the untreated group of animals. 

Estimates of mitral regurgitation from MRI showed a significant increase in 

regurgitant volume in the untreated group of animals post-MI while regurgitant volume did 

not increase in treated animals.  Mid-ventricle diameter increased significantly in both the 

treated and untreated groups from 0 to 8 weeks post-MI and there was no difference in end 

diastolic diameter between the two groups at 8 weeks; however, mid-LV end systolic 

diameter was significantly lower in the treated group than in the untreated group.  Lower 

systolic diameter in the treated group at 8 weeks post-MI may suggest that systolic motion 

from 0 weeks to 8 weeks was preserved better in animals that received the hydrogel 

treatment than in those that did not. 
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Existing treatment for limiting mitral regurgitation and posterior LV dyskinesia as a 

result of myocardial infarction includes methods such as reinforcement of the wall via 

patch device, balloon inflation, or suture rows [21].  Hydrogel injection therapy has been 

shown to limit LV remodeling and development of MR 8 weeks post-MI and could serve 

as a minimally invasive treatment alternative.  This thesis presented methods to quantify 

changes in papillary muscle motion after myocardial infarction using FE models built from 

2D short-axis LV MR images.  In future work, a comparison study between motion data 

obtained using animal specific FE models as presented in this thesis and motion data 

obtained from 3D DENSE MRI could provide important insights into these results.  In 

order to better understand the development of mitral regurgitation using the methods 

presented here, future research could focus on the development and implementation of a 

model that encompasses the entire LV including mitral valve and chordae tendineae in 

order to simulate the tethering interaction throughout the cardiac cycle. 
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