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Abstract 
 

The role of myocardial mechanical properties in the progression of cardiovascular diseases 

such as heart failure (HF) remains poorly understood. In order to elucidate the mechanisms 

underlying cardiac dysfunction, mathematical modelling of ventricular mechanics is a useful 

tool. This thesis presents finite element modelling methods to estimate in vivo mechanical 

properties of the left ventricle (LV) by incorporating geometric and kinematic information 

derived from in vivo magnetic resonance image (MRI) tagging, ex vivo microstructural 

information extracted from diffusion tensor MRI (DTMRI), and LV cavity pressure data 

recorded during the MRI tagging experiments. This integrative LV modelling framework 

enabled in vivo characterisation of LV muscle properties and performance on a subject-

specific basis, and investigation of mechanisms of HF. 

In order to investigate passive ventricular mechanics, LV FE models were customised to 

geometric data segmented from in vivo tagged MRI, and myofibre orientation data derived 

from ex vivo DTMRI of five canine hearts using nonlinear FE fitting techniques. Simulation 

of diastolic LV mechanics allowed estimation of the passive myocardial mechanical 

properties, which were tuned to provide the best match between the end diastolic model 

predictions and the MRI tagging data. Contractile function and regional myocardial work of 

the LV were then examined by simulating systolic mechanics and estimating the associated 

contractile properties during the ventricular cycle. Based on these data, the LV efficiency 

throughout the cardiac cycle was quantified. The FE modelling framework was applied to 

study HF by investigating the effects of ventricular dilation, loss of anisotropy, and reduced 

myocardial contractility on LV mechanical performance. By comparing the mechanical 

function of normal and abnormal LVs, it was found that cardiac performance was most 

sensitive to the combination of ventricular dilation and compromised muscle contractility.   

Integrated physiological modelling of this kind enables mechanistic investigations into the 

pumping function of the LV on an individualised basis. As demonstrated in this thesis, this 

type of quantitative modelling can be used to analyse the functional implications of changes 

to the geometry, structure or mechanical properties of normal hearts, and thus can provide 

insight into mechanisms underlying mechanical dysfunction in the diseased or failing heart.  
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Chapter 1 Introduction 
 

1.1 Motivation 

 

For more than two decades, heart failure (HF) has been a leading cause of death throughout 

the world, and particularly in urban Western societies (Braunwald and Bristow, 2000; 

Redfield, 2004; Bardy, et al., 2005; Teeters and Alexis, 2009). Advances in HF treatment 

over the past two decades have reduced morbidity and mortality; however, not all patients 

suffering from HF have been effectively diagnosed and received accurate treatments 

(Braunwald and Bristow, 2000). Whilst, the majority of the treatments used nowadays target 

the symptoms, it is hypothesised that mechanism-targeted treatment will be much more 

effective (Zile, 2003). Despite extensive research and recent developments in the diagnosis 

and treatment of chronic HF, the underlying causes and forms of this disease are still not yet 

fully understood. The poor prognosis in HF patients is also an obstacle to identifying the 

sources of this disease (Mosterd et al., 2001; Remme and Swedberg, 2001; Raymond et al., 

2003).  

The mechanical properties of the myocardium have been considered as an important 

indicator of the status of underlying cardiac diseases (Guccione et al., 1991; Guccione et al., 

1993; Augenstein et al., 2005; Wang and Nagueh, 2009). Estimation of in vivo myocardial 

mechanical properties using non-invasive technique is useful in order to better understand 

global and regional ventricular mechanics as well as assisting diagnosis and treatment 

planning. Advances in cardiac imaging techniques, such as magnetic resonance imaging 

(MRI), allows detailed characterisation of the in vivo structure of the heart. Incorporating 

such imaging data into a mathematical modelling framework enables quantification of the 

ventricular mechanical behaviour (i.e. stress and strain), based on prior knowledge of the 

material properties and loading conditions. The inverse approach, combing finite element 

(FE) modelling with in vivo structural and functional observations of heart, enables 

estimation of the mechanical properties. This type of integrative mathematical modelling can 

provide insight into the global and regional passive and active mechanics of the heart on an 

individualised basis, thereby improving understanding of the underlying structural basis of 

mechanical dysfunction under pathological conditions.              
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More than half of the patients diagnosed with HF have preserved systolic function (e.g. 

normal ejection fraction (EF)) and are thus commonly categorised as suffering from diastolic 

HF (DHF) (Kitzman et al., 2002; Wang and Nagueh, 2009). DHF reflects the impaired 

relaxation and filling ability at the end and early stages of the heart cycle, respectively. 

Essentially, both the left ventricle (LV) and right ventricle (RV) have difficulties receiving 

the required amount of blood during diastolic filling to produce sufficient stroke volume 

(SV) at a normal diastolic pressure. The relaxation state the heart goes through prior to 

filling plays a significant role in determining the filling behaviour (Moulton et al., 1996; Zile 

and Brutsaert, 2002a). Following many studies exploring the causes of DHF, increased 

passive stiffness of the myocardium has been identified as a major cause of impaired 

relaxation of the LV and the subsequent diastolic filling, as well as increased diastolic 

pressure (Moulton et al., 1996; Zile and Brutsaert, 2002b; Aurigemma et al., 2006). Because 

the diastolic period consists of the late stage of relaxation and the entire passive inflation, 

many researchers have implicated the alteration of the duration and speed of relaxation and 

the interaction with the passive process (Takagi et al., 1989; Cuocolo et al., 1990; Wang et 

al., 2007).  

While DHF indicates a problem of the heart acting as a passive chamber, another major 

cause of HF is associated with the compromised pumping ability of the heart to supply blood 

to the rest of the body, which is often referred to as systolic heart failure (SHF). In contrast 

to the normal EF exhibited in DHF patients, SHF patients frequently show reduced SV and 

EF, hence reduced contractility of the heart muscle (Zile and Brutsaert, 2002b). The 

contractile behaviour of the heart is mainly driven by the calcium released from the 

sarcoplasmic reticulum (SR), triggering relative movements of the thick-filament (myosin) 

and thin-filament (actin) proteins. This results in myofibre shortening, forcing blood out of 

the ventricles (Gray et al., 1995). The start of relaxation is initiated when calcium is 

sequestered back to the SR. Therefore, calcium homeostasis is critical in determining the 

level of contraction and systolic performance of the heart. Changes in any of the processes 

occurring during contraction can lead to a loss of pump function. Although the two forms of 

HF have disparate presentations and causes, it has become apparent that DHF and SHF can 

coexist, and whether or not one form of HF can lead to the other remains unknown (Zile and 

Brutsaert, 2002a; Aurigemma et al., 2006).  
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 LV Remodelling 

 

Structural remodelling of the LV is an important process that takes place during the 

development of diastolic and systolic dysfunction and subsequent failure (Brilla and Maisch, 

1994; Weber et al., 1995; Helm et al., 2006; Wu et al., 2007). Changes in physiological, 

geometrical and/or haemodynamic loading conditions can lead to regional ventricular wall 

thickening and enhancement or degradation of regional muscle function. This remodelling 

process results in changes in muscle stiffness during filling, in the force-tension relationship, 

and in material properties, which are important determinants of the global and regional 

performance of the heart (LeGrice et al., 1995). As a feedback system, the remodelling of the 

myocardium can also be initiated by changes in the contractile force generated by the 

myofibrils during systole (de Tombe, 1998).  

For patients with DHF, ventricular hypertrophy and concentric remodelling of the 

myocardium are often found. A hypertrophic heart has undergone compensatory 

remodelling, but eventually becomes incapable of working efficiently. This type of 

remodelling is characterised by a normal to increased LV wall mass, normal LV wall volume 

(with exceptions), normal LV diastolic volume, and increased LV diastolic pressure and wall 

thickness (Ganau et al., 1992). The concept of concentric remodelling is used here because 

the radius of the endocardial surface becomes smaller, thus a larger wall-thickness-to-radius 

ratio is obtained (Paulus et al., 2007). Conversely, patients with SHF present an increased 

end diastolic volume in an eccentric remodelling pattern, relatively unchanged wall 

thickness and smaller wall-thickness-to-radius ratio. The eccentric remodelling process also 

implicates reduced cross-linking of the actin and myosin proteins. Without the overlapping 

between the thick and thin filaments, myofibrils shortening is significantly compromised, 

resulting in reduced contractility (Teeters and Alexis, 2009). 

 

Mechanical Behaviour 

 

At the microscopic level during DHF, the diameter of the myocytes is increased together 

with the content of collagen, an important myocardial extracellular matrix (ECM) 

constituent, which results in the gross increase of wall thickness in DHF (Shirwany and 
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Weber, 2006; McDonald, 2008). The increased collagen content contributes to increased 

stiffness of the myocardium. In contrast, elongation of the myocytes and degradation of 

fibrillar collage have been observed in the SHF case. Heart wall stress, during both diastolic 

inflation and systolic contraction, has been identified as an important factor accounting for 

different patterns of hypertrophy (Linzbach, 1960; Grossman et al., 1975). For example, the 

stress calculated by Grossman and colleagues (Grossman et al., 1975) using the cardiac 

catheterisation technique revealed that patients diagnosed with concentric hypertrophy 

(pressure-overloaded LV) exhibit normal peak systolic and end diastolic mean wall stress 

despite significantly elevated pressures at those two states. Conversely, a normal peak 

systolic stress and increased end diastolic stress was observed for patients suffering from 

eccentric hypertrophy (volume-overloaded LV). To explain the normal wall stress found in 

pressure overload patients, they proposed a feedback system in which high peak systolic 

stress induced increased wall thickness (replication of myofibres in parallel) that 

consequently leads to a reduction in peak systolic wall stress. However, for a volume 

overloaded LV, the elevated diastolic stress was responsible for a series replication of 

myofibres that caused enlargement of the LV chamber. By Laplace‟s law, an enlarged 

chamber leads to increased peak diastolic stress, which again leads to an increase in wall 

thickness, and eventually normalised systolic stress (Frielingsdorf et al., 1998). These 

observations indicate that systolic wall stress initiates and drives the progression of 

hypertrophy (Grossman et al., 1975; Peterson et al., 1978; Wagner et al., 1991; Verma and 

Solomon, 2009).  

Since myocardial wall stress cannot be directly measured in vivo, it was commonly 

estimated using simplified theoretical calculations based on wall thickness and invasively 

recorded intraventricular pressures (Grossman et al., 1975). With the development of cardiac 

MRI, Auffermann et al. (1991) non-invasively estimated ventricular wall stress based on 

pressure measured with a digital cuff recorder, and LV wall thickness and diameter 

measurements obtained from mid-ventricular short-axis cine MR images. However, 

ventricular myocardium has a complicated three-dimensional (3D) structure, involving 

anisotropic, nonlinear, time-dependent material behaviour (Demer and Yin, 1983; Costa et 

al., 2001). The simple one-dimensional (1D) stress calculation is therefore not 

physiologically realistic. Moreover, the stress generated by the myofibres is dependent on 

the material properties of the underlying myocardium. FE modelling enables estimation of 

the stress field based on the realistic geometry and strain field, together with knowledge of 
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the mechanical properties of the myocardium and boundary constraints on the heart. With 

the advances in cardiac MRI techniques, the myocardial mechanical properties can be 

estimated by matching myocardial deformations (or strains), measured non-invasively using 

tagged MRI, together with minimally invasive measurements of ventricular cavity pressure. 

Research on characterising myocardial mechanical properties have advanced significantly 

over the last few decades. Specific overviews and reviews of the literature on estimating 

myocardial passive and active contractile mechanical properties are provided in Chapter 5 

and 6, respectively. 

 

1.2 Specific aims of this research 

 

The overall goal of this thesis was to develop FE modelling tools and techniques to estimate 

in vivo passive and active material properties of the LV myocardium using high-resolution 

cardiac MRI data from canine hearts, and to use this modelling framework to study HF. The 

following specific aims were addressed: 

1. to develop integrated FE models of the LV incorporating geometric information 

obtained from in vivo MRI tagging data and microstructural information acquired 

from ex vivo DTMRI of the same hearts; 

2. to use these individualised biophysical LV models to simulate diastolic mechanics 

and to estimate the passive myocardial material properties by matching predicted 

displacements of a set of 3D material points with those derived from in vivo MRI 

tagging during diastolic inflation;  

3. to use the customised models to simulate active systolic contraction, and estimate the 

myocardial contractile properties by matching the predicted and observed 

displacements of the same 3D material points during the systolic phases of the 

cardiac cycle;  

4. to apply the FE modelling methods to the study of HF by investigating the effects of 

ventricular geometric remodelling (LV dilation), loss of myocardial anisotropy, and 

reduced contractility on global and regional ventricular function.  
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The simulation framework developed in this thesis integrated information from different 

imaging and modelling techniques and allowed the study of global and regional mechanical 

function of the LV, such as regional distributions of myocardial stress or the work done by 

the LV throughout the cardiac cycle.  

Longer-term goals of this research are to gain a better understanding of the underlying 

pathophysiological basis of ventricular mechanics by comparing models of healthy and 

diseased hearts, which will enable investigations of the underlying mechanisms of LV 

dysfunction. The effects of remodeling of passive material properties on active contraction, 

and of altered wall stress on wall thickness changes, can also be investigated. Furthermore, 

these techniques can be applied to medical images in order to assist clinicians with the 

diagnosis of patients suffering from HF.  

 

1.3 Thesis overview and contributions 

 

This thesis is structured as follows: 

Chapter 2: provides background information on ventricular structural and mechanics 

modelling, starting with descriptions of cardiac anatomy, microstructure and mechanical 

function; existing mathematical models of the LV are reviewed; followed by a summary of 

the theory of finite deformation elasticity and constitutive relations, which are central to the 

modelling of cardiac mechanics; and lastly, the main computational (FE) techniques for 

solving finite deformation elasticity problems are summarised.  

Chapter 3: presents novel free-form deformation methods to register in vivo geometric data 

and ex vivo structural data from the same hearts. This enabled the development of integrated 

FE models of the LV that combined subject-specific in vivo LV geometry with ex vivo LV 

myocardial fibre structure. The chapter describes the MRI data (tagged and DTMR) and the 

non-linear FE fitting technique used to create LV geometric model (LVTAG model). The 

processes of extracting fibre orientation data and incorporating it into the LVTAG model are 

illustrated. A comparative analysis was performed to investigate the difference between the 

DTI fibre fields and the “Auckland Dog Heart” (ADH) fibre data measured by Nielsen et al. 

(1991).  
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Chapter 4: describes the acquisition of kinematic information and displacement boundary 

conditions from the tagged MR images by analysing the images and detecting tag positions. 

The mechanics modelling framework designed to simulate the passive and active phases of 

the cardiac cycle is also presented. This was the first study to incorporate in vivo LV cavity 

pressure data into MRI based FE models.    

Chapter 5: presents methods for estimating passive myocardial material properties using the 

integrative mechanics model to match regional kinematic information. Two estimation 

strategies were developed to determine: 1) subject-specific passive material parameters and 

2) a single set of passive material parameters that best describe the passive mechanical 

behaviour of all five animals studied. This work provided the first estimates of subject-

specific in vivo passive mechanical properties and predicted end-diastolic stress distributions 

based on the combination of tagged MRI and concurrent in vivo pressure recordings.  

Chapter 6: extends the approach used in Chapter 5 to estimate contractile mechanical 

properties of the myocardium. Systolic mechanics models based on the DTI fibre fields were 

compared with models using the ADH fibre data to assess the suitability of these models to 

simulate contractile mechanics. This chapter also considered the scenario whereby the 

maximum active tension was distributed heterogeneously throughout the ventricle. This 

framework was then used to provide the first estimates of the time-varying in vivo active 

tension development during the whole cardiac cycle and to quantify regional myocardial 

work and efficiency.     

Chapter 7: presents the techniques to investigate the effect of HF on cardiac performance at 

both global and regional scales. Analyses focused on three pathological alterations identified 

in patients suffering from HF, and the individual and combined influences of these 

pathologies were examined.    

Chapter 8: concludes by outlining the significance and limitations of the cardiac models and 

analyses developed throughout this thesis. Ideas for future work in this field are also 

discussed.   
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Sachs, F. (eds.), Saunders, U.K., 241-250, 2011.  
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Physiol, 299:H134-H143, 2010.  

Wang V.Y., Lam H.I., Ennis D.B., Young A.A., Nash M.P. Modelling passive diastolic 
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Brisbane Australia, 2007. 
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Estimating Contractile Myocardial Stress Using Magnetic Resonance Imaging. Wang V.Y., 
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Estimation of Passive Mechanical Properties of the Heart using 3D Tagged MRI. Wang 
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Medicine and the Australian Biomedical Engineering Conference (ESPM). November, 2008. 
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Simulating Ventricular Mechanics Using MRI of Cardiac Structure and Function. Wang 

V.Y., Lam H.I., Ennis D.B., Young A.A., Nash M.P. Asia-Oceania Top University League 

on Engineering (AOTULE) 2008 Postgraduate Conference. September, 2008. Auckland, 

New Zealand.  

Passive Left Ventricular Mechanics Modelling Using Cardiac MRI. Wang V.Y., Lam H.I., 

Ennis D.B., Young A.A., Nash M.P. Multiscale Modelling of the Heart Workshop. March, 

2008. Auckland, New Zealand.  
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Modelling Integration of Cardiac Structure and Function using MRI. Wang V.Y., Lam H.I., 

Ennis D.B., Young A.A., Nash M.P. NZBio Annual Meeting. February, 2008. Auckland, 

New Zealand.  

Finite Element Modelling Integration of Cardiac MRI Structure and Function. Wang V.Y., 

Lam H.I., Ennis D.B., B. Cowan, Nash M.P., Yong A.A. Society for Cardiovascular 

Magnetic Resonance 11th Annual Meeting. January, 2008. Los Angeles, USA.  

Ventricular Mechanics Modelling using Magnetic Resonance Imaging. Wang V.Y., Lam 

H.I., Ennis D.B., Young A.A., Nash M.P. Procs. of the Physiological Society of NZ, 

MedSciNZ Congress. November, 2007. Queenstown, New Zealand.  

Left Ventricular Mechanics Modelling using Cardiac Magnetic Resonance Imaging. Wang 

V.Y., Lam H.I., Ennis D.B., Young A.A., Nash M.P. Biomedical Engineering Society 

Annual Fall Meeting. September, 2007. Los Angeles, USA.   



Chapter 2 Background 
 

This chapter starts with an overview on ventricular anatomy and function, followed by a 

summary of the state-of-the-art in imaging and modelling technologies used to study 

ventricular structure and mechanics. It also covers current research on ventricular mechanics 

modelling, and concludes with a brief description of the computational techniques required 

for simulating mechanics and estimating myocardial material properties.       

In order to study cardiac mechanical behaviour and the biophysical effects of cardiac 

disease on the passive and active material properties of the heart, the following information 

is required: 

 Geometry - customised anatomical heart model consisting of accurate in vivo heart 

geometry and muscle fibre orientations;  

 Kinematics - detailed in vivo heart wall motion or kinematic information; 

 Constitutive relations - describing mechanical responses of the myocardium; 

 Boundary conditions - descriptions of the loading conditions and kinematic 

constraints on the heart. 

An anatomically realistic geometric model is critical in order to reproduce physiological 

motion. The underlying microstructure of the myocardium is also important because the 

orientations and mechanical properties of the myofibrils have a significant effect on both the 

global and regional ventricular function and alterations of these properties are often 

considered as indicators of disease. Section 2.1.1 reviews the development of existing 

mathematical models of the LV with and without incorporation of fibre structure, starting 

with a brief description of cardiac anatomy. Computational models were typically based on 

information obtained in ex vivo or in situ conditions, where loss of the pericardium and 

many other supporting structures (e.g. atria) are likely to have distorted the geometric 

information. With advances in cardiac MRI techniques, designing an anatomical model that 

represents the in vivo shape of the heart is now attainable. Cardiac MRI offers not only in 

vivo measurements of the heart shape, but also quantitative data on the in vivo motion with 

MRI tissue tagging techniques. Historical measurements of the local myofibre directions 
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often involved dissecting the cardiac muscle and recording the orientations. The use of 

DTMRI provides another approach to derive fibre architectural information less invasively 

to avoid disruption of the underlying structure introduced by histological preparations. 

Section 2.2 briefly introduces these two widely used imaging techniques: MRI tagging and 

DTMRI.  

To simulate the continuous motion of deformable materials, such as the heart tissues, the 

theory of continuum mechanics is employed to mathematically formulate the equations that 

govern cardiac motion. Key components leading to the governing equations for finite 

deformation elasticity, along with the boundary constraints, are summarised in section 2.3.1. 

While the theory of continuum mechanics can be applied to many types of materials that 

undergo large and continuous deformations, the mechanical properties of individual material 

can differ significantly. Section 2.3.2 provides an overview of the material relations used to 

study the behaviour of the heart. Specific boundary conditions imposed to the LV model are 

discussed in detail in Chapters 4, 5 and 6. A brief overview on previous cardiac mechanics 

models are provided in Section 2.4. Section 2.5 briefly describes the FEM techniques used 

to solve the governing equations of ventricular mechanics.   

 

2.1 Ventricular Structure and Function 

2.1.1 Cardiac Geometry 

 

The heart is a muscular organ that acts as a mechanical pump to distribute sufficient 

oxygenated blood throughout the body and transport blood from the body to the lungs for 

oxygenation. The LV has a thicker wall than the RV because of the physiological adaptation 

to the greater pressure against which it must pump blood (Tortora, 2003). The shape of the 

LV can be approximated as a truncated prolate spheroid, with the tip of the long-axis known 

as the apex. The RV joins to the LV like a crescent, and the interface between the LV cavity 

and RV cavity is the septum. The entire heart is enclosed in the pericardium whose inner 

membrane is attached to the heart muscle. The outer layer of the pericardium is mainly 

responsible for maintaining the position of the heart with respect to the whole body via its 
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attachment with the spinal column and diaphragm via ligaments. A thin layer of fluid 

between the two layers of membrane assists with mechanical motion of the heart.  

Figure 2-1 illustrates the four chambers, four valves and major blood vessels that play an 

important role in the blood circulation around the body. The myocardium itself is perfused 

by the coronary arteries, which originate from the base of aorta, cross over the outer surface 

(epicardium) of the heart and branch into smaller vessels that transmurally penetrate the 

myocardium. After blood is oxygenated in the lungs, it is delivered back to the left atrium 

(LA) of the heart via pulmonary veins. Oxygenated blood then enters the LV and is 

subsequently ejected into the aorta and the systemic circulation network during ventricular 

contraction. Both ventricles contract almost simultaneously. De-oxygenated blood returns 

from the systemic flow to the right atrium (RA) of the heart via the superior vena cava, the 

inferior vena cava and the coronary sinus. 

 

Figure 2-1: Cardiac Anatomy. Blood (blue arrows: de-oxygenated blood; red arrows: 

oxygenated blood) flows from the two superior atrial chambers into the two inferior 

ventricles through the mitral valve (left side of the heart) and the tricuspid valve (right side 

of the heart) (Reproduced from Tortora, 2003). 
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The direction of blood flow, and its passage between the chambers into the great vessels, is 

controlled by four valves. The atrioventricular valves (mitral and tricuspid valves) between 

the atria and the ventricles are responsible for delivering blood from the atria to the 

ventricles. Conversely, the semilunar valves control the flow of blood out of the ventricles. 

The mitral valve, often referred to as the bicuspid valve because of its two leaflets, allows 

unidirectional blood flow from the LA into the LV. Similarly, the tricuspid valve (hence 

three leaflets), located on the right side of the heart, is the counterpart of the mitral valve. 

When the ventricles contract, the pressures within the ventricles forces the valve leaflets to 

move upwards until they meet, thus closing the valves. The papillary muscles, located on 

the inner surfaces (endocardium) of the ventricles, contract and consequently tighten the 

chordae tendineae that are attached to the valves and prevent backward swing of the valves 

into the atria, hence preventing retrograde blood flow. Meanwhile, the aortic and pulmonary 

semilunar valves direct blood from the LV into the aorta and the RV to the pulmonary 

artery, respectively. Conventional clinical indices of cardiac anatomy include heart mass, 

LV volumes at end diastole (ED) and end systole (ES), and wall thickness. 

 

2.1.2 Myocardial fibre structure 

 

Cardiac myocytes are composed of distributions of sarcomeres arranged in series and 

parallel. The sarcomere is the fundamental unit of contraction in striated muscle cells 

(cardiac and skeletal muscle) and consists of interdigitating lattices of thick and thin 

filaments (Figure 2-2). The interaction between the thick and thin filaments determines the 

amount of force generated during muscle contraction. For a normal heart, ventricular 

sarcomere lengths are relatively uniform transmurally during passive filling, with a 

maximum length of 2.24 to 2.4 μm (Yoran et al., 1973). The extracellular connective tissue 

matrix provides overall constraints to the sarcomere to prevent them from excessive 

stretching (Figure 2-3). The organisation of individual cardiac cells throughout the heart 

plays a significant role in the deformation of the whole heart. Histological studies have 

shown that the myocytes are assembled in an axial fashion that gives rise to a distinct 

direction, known as the fibre direction. These fibre directions branch in parallel and 

interconnect to form a 3D network to allow the heart to undergo complex motions during its 
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cycle. The fibre architecture of the ventricles also imposes significant influences on the 

electrical conduction of the heart. Remodelling of the ventricular geometries and fibre 

orientations can be directly linked to several cardiac diseases and arrhythmia. 

 

Figure 2-2: Cardiac myocytes sarcomere arrangement. H Band contains the thick filament, 

whereas I Band contains the thin filaments (Reproduced from Silverthorn, 2004).  

 

Figure 2-3: Force-length relationship for cardiac muscle (Reproduced from Silverthorn, 

2004). 
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Streeter and Hanna (1973) carried out extensive investigations of the muscle fibre 

orientation and the fibre distribution throughout the entire ventricular walls. By measuring 

fibre orientations through the LV free wall of 18 dog hearts. They revealed a significant 

rotation of fibre orientations through the LV wall, while the magnitude and variation of the 

transmural fibre angles were greater near the apex compared to the base. The transmural 

variation near the anterior wall was higher than that near the posterior wall. They also 

explored the changes in the transmural fibre orientation at different states of the cardiac 

cycle (e.g. diastole vs. systole) and found that the fibre angles at both base and apex 

increased slightly during systole.  

LeGrice and colleagues (1995) performed detailed morphometric measurements of 3D 

cardiac tissue architecture. Their investigation showed that the myocytes are arranged in 

layers or sheets three to five cells thick. The branched bundles of myocytes are loosely 

coupled with the adjacent layers, with little direct coupling between layers. They proposed a 

local set of distinct structural orthogonal axes, which can be defined at any point within the 

ventricular wall. These axes consist of the fibre axis ( f ), sheet axis ( s ) containing several 

fibres, and the sheet-normal axis ( n ) orthogonal to the fibre and sheet directions (Figure 

2-4). These observations suggested that the mechanical and electrical behaviour of the 

ventricular myocardium are orthotropic rather than axially anisotropic. The laminar 

architecture of the ventricular myocardium affects its electrical
 
and mechanical properties 

(Costa et al., 1991; Nash and Hunter; 2000; Smaill et al., 2004). Connective tissue, 

particularly the collagen, determines the organisation and interconnection of myocytes in 

the heart which facilitates the three-dimensional movement of the myofibres. Three types of 

collagen have been identified as playing a role in the cardiac muscle: endomysium (around 

individual myocytes), perimysium (associated with groups of myocytes) and epimysium 

(surrounding the organ). Pope et al. (2008) used a high-resolution extended-volume 

confocal microscopy technique to image a block of myocardial tissue samples, and 

developed a sophisticated image processing tool to reconstruct images in 3D and quantify 

the perimysial collagen content. Major findings of their research indicated that the 

organisation of the perimysial collagen is responsible for the laminar structure (Pope et al., 

2008) and that the laminar structure was not homogeneous throughout the ventricular wall. 

For example, the density of collagen in the mid-wall region was lower than that in the sub-

endocardial and sub-epicardial regions. The perimysial collagen has little impact on the 
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motion of the sub-epicardial region because it is orientated as longitudinal cords, thus 

providing less interference with the muscle fibres. This is supported by the heterogeneity of 

regional deformation (i.e. the sub-endocardial surface undergoes a greater extent of motion 

than the mid-wall and sub-epicardial regions during contraction). Shearing is one of the 

most important modes of deformation seen in cardiac muscle. The muscle layers enable 

local myocyte rearrangement to occur via shearing, while the dense array of longitudinal 

collagen cords distributed throughout the LV myocardium limits passive extension along the 

myocyte axis.  

 

Figure 2-4: The fibrous-sheet structure of the ventricular myocardium (Adapted from Smaill 

et al., 2004).  

 

To date, various microscopy techniques have been used to explore the laminar structure. 

The development of the diffusion tensor magnetic resonance imaging (DTMRI) technique 

has provided another means to investigate these structures in the intact heart.  
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2.1.3 Cardiac Cycle 

 

The normal cardiac cycle includes two major phases: diastole and systole. These two phases 

consist of six sub-phases: isovolumic contraction (IVC), ejection, isovolumic relaxation 

(IVR), rapid inflow, diastasis, and atrial systole. Each phase of the cardiac cycle can be 

characterised by changes in ventricular pressure and volume (Figure 2-5). During the filling 

of the ventricles (phase D), the cavity pressure that stretches the ventricular myofibres is 

referred to as preload, which is clinically determined by the LA pressure, LV end diastolic 

volume and LV end diastolic pressure. Preload is an important determinant of the diastolic 

performance of the heart. A larger venous return will result in a greater end diastolic 

volume, and consequently greater myofibre stretch. This increased stretch will lead to a 

more forceful contraction which, in turn, results in a larger stroke volume. As systole begins 

and the ventricles start to contract isovolumically (phase A), there is no change in the LV 

volume due to closure of both the mitral and aortic valves. Once the LV end diastolic 

pressure exceeds the aortic pressure (afterload), which is the pressure the LV must pump 

against, blood will be ejected from the LV into the aorta (phase B). The afterload is 

determined by the mean arterial pressure. During ejection, the LV pressure firstly increases 

then gradually drops towards the end of ejection. After the closure of the aortic valves, the 

LV undergoes isovolumic relaxation (phase C) and the LV cavity pressure decreases. The 

Frank-Starling law of the heart reflects the relationship between end diastolic volume and 

systolic pressure. The ability of the heart to generate pressure increases with increasing end 

diastolic volume.  

The end diastolic pressure-volume relation represents the passive myocardial length-tension 

relation. During diastolic filling, cardiac muscles undergo a stretch that increases the passive 

wall tension and cavity pressure. The end systolic pressure-volume relation represents the 

active length-tension relation for cardiac muscle. Figure 2-2 illustrates the relationship 

between the tension generated by myofibres and the sarcomere length. Maximum force is 

generated once the sarcomere length reaches its optimum. Beyond the optimal length, 

muscle force will gradually decrease with increasing muscle length. During ejection, the LV 

volume decreases, but the LV pressure does not reach its maximum until the end of ejection 

when the aortic valve closes. Changes in preload and afterload have a significant effect on 

the shape of the pressure-volume relation. An increase in preload, while keeping afterload 
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constant, results in a larger filling volume and ejection volume. However, the end systolic 

volume will be maintained constant due to the unchanged afterload. An increase in afterload 

at a constant preload indicates a greater pressure against which the LV must pump to eject 

blood. This opposing aortic pressure will reduce myofibre shortening and therefore less 

blood will be ejected; hence a smaller stroke volume. An increase in myofibre contractility 

leads to a greater degree of myofibre shortening, thus the stroke volume becomes greater 

and the end-systolic volume becomes smaller. The pressure-volume relation is also a 

reflection of the sarcomere force-length relation. A reduction in LV volume indicates 

sarcomere shortening, whereas the increase in pressure can be equated to the developed 

force or stress. 

 

Figure 2-5: LV pressure-volume relation. A: IVC, B: ejection; C: IVR; D: diastole (Adapted 

from Fonseca, 2004). 

 

2.2 Cardiac Magnetic Resonance Imaging 

 

MRI has been widely used for cardiovascular research, mainly due to its advantages over 

other diagnostic imaging methods such as Computed Tomography (CT), X-ray, and 
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Echocardiography (Echo). MRI offers excellent imaging qualities, low levels of exposure to 

hazardous radiation and provides high contrast between the stationary tissues with good 

spatial resolution. Also static or dynamic image acquisition can be carried out on any spatial 

plane. Moreover, MRI also allows tissues to be characterised and differentiated with great 

accuracy (Edelman et al., 2005). Cardiac MRI has become the gold standard for non-

invasively quantifying global in vivo heart function with measures such as ejection fraction, 

cavity volume and mass. Different types of pulse sequences, which are used to excite 

protons in order to generate MR signals, are employed for different techniques. The most 

commonly used pulse sequences are all derived from the two most fundamental sequences: 

Spin-Echo (SE) or Gradient-Recalled echo (GRE). The SE sequence is also referred to as a 

„black-blood‟ technique, whereas the GRE sequence is often referred to as a „bright-blood‟ 

technique. Assessment of global cardiac function, such as LV volumes, masses and ejection 

fraction, has previously been carried out using bright blood cine MRI in multiple phases and 

segmented k-space. Conventional MR techniques, however, are not capable of 

quantitatively measuring either regional cardiac function or regional wall motion. The 

development of tissue tagging MRI has provided a means for quantitatively investigating 

regional heart motion, and thus the effects of cardiac disease, with high spatial and temporal 

resolution (Axel and Dougherty, 1989; Zerhouni et al., 1988). The principles and physics of 

magnetic resonance and generation of images are beyond the scope of this thesis, but a 

comprehensive overview of MRI can be found in Edelman et al., (2005). Instead, a brief 

summary of MRI tagging and DTMRI techniques is provided in the following two sections.  

 

2.2.1 Magnetic Resonance Imaging Tagging 

 

MRI tissue tagging is now widely available in clinical scanners, and is typically performed 

using the spatial modulation of magnetization (SPAMM) technique. This technique 

saturates parallel bands of tissue as a result of combining RF pulses with short gradient 

waveforms to create saturated magnetization vectors (Ennis, 2004). These dark bands follow 

the deformation of the underlying myocardium, thus creating high contrast image features 

that track with heart wall deformation throughout the cardiac cycle. Post-processing of the 
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tagged MR images allows reconstruction of the 3D motion of the heart from the tag 

positions during the cardiac cycle. Recovering deformation information from the images 

requires high resolution images, and specialised image processing and mathematical 

techniques. In order to optimise the signal-to-noise ratio (SNR) and tag contrast, several MR 

imaging parameters must be optimised because they can significantly affect the quality of 

the tagged images and their usability for deriving kinematic information. One parameter that 

needs adjusting is the relative orientation of the tag lines to the frequency encoding 

direction. The resolution of the tag detection is directly related to the resolution along the 

frequency encoding direction (Ennis, 2004).  

Typically, MR images of the LV are acquired in both the long- and short-axes of the LV. 

Long-axis images (Figure 2-6) are normally taken in different orientations around the 

central long-axis of the LV (including images in the four-chamber and two-chamber views). 

Images in the plane perpendicular to the long-axis (namely the short-axis plane) are 

acquired in several equally spaced slices from apex to base. Both long and short-axis images 

are acquired at uniform time intervals throughout the cardiac cycle. To fully capture the 

three-dimensional displacement fields, three directions of tag lines are required. This is 

implemented by designing grid tags with two sets of intersecting tag lines in the short-axis 

images and at least one set of tag lines for the long-axis images. The space between the tag 

lines is also an important determinant of the resolution of the displacement field estimates. 

The higher the resolution of the tags, the more detailed deformation one can recover. 

Obtaining images during multiple heartbeats is also required for cardiac MRI. In practice, 

the final images to be analysed are reconstructed from data collected over several cardiac 

cycles and represent the “average” motion of the heart. This means that the acquisition 

process should also be optimised to achieve high quality and accurate images. A description 

of the experimental design is presented in Ennis (2004, Chapter. 5).   

Recovering motion data from tagged MR images often involves combining information 

from different tagging sets using spatio-temporal interpolation. The final result is a 3D 

Lagrangian displacement field for the beating heart. Tracked deformation patterns provide 

non-invasive quantitative information on the mechanical function of the underlying tissue 

(Young, 1995). Section 3.1.3 describes the process of tag detection and displacement field 

reconstruction.  
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Figure 2-6: Long- and short-axes of the left ventricle. 

 

2.2.2 Diffusion Tensor Magnetic Resonance Imaging (DTMRI) 

 

DTMRI estimates the preferred orientations of the local self-diffusion of water molecules in 

biological tissues to provide information on fibre microstructure. This is useful for materials 

that exhibit structural anisotropy, because the water diffusion is mainly dependent on the 

orientation of the structural components. The DTMRI technique uses a pulsed-gradient spin-

echo sequence with incorporated diffusion gradients to estimate a scalar self-diffusivity 

coefficient at each voxel of an image (Basser et al., 1994). The basic principle of DTMRI is 

to measure the signal attenuation in the presence of different magnetic field gradients. 

Equation 2.1 summarises the relationship between the measured echo intensity and diffusion 

coefficients.  

bDeSS 
0      (2.1) 

where S  is the measured echo intensity with diffusion weighting; 
0

S is the echo intensity 

without diffusion weight; scalar b  describes the magnitude of the diffusion gradient, which 

can be calculated analytically from the gradient forms; and D is the estimated diffusion 
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coefficient. By taking the logarithm of this equation, a linear relationship between the 

signals with and without diffusion weighting can be obtained.  

bD
S

S










0

ln     (2.2) 

It is clear from Eq. 2.2 that at least two scans (one with diffusion weighting ( S ) and one 

without diffusion weight (
0

S )) are required to characterise the diffusion coefficient D . 

However, in practice, multiple scans with different values of b are often obtained, which 

results in an over-determined system for D . Therefore, rewriting the equation above in a 

pseudo-inverse form explicitly defines the evaluation of the non-diffusion weighted echo 

intensity 
0

S  and diffusion coefficients D  (Basser and Pierpaoli, 1996).   
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 where j  is the number of scans.  

For three-dimensional anisotropy, the diffusion coefficient is replaced with a diffusion 

tensor, which contains six independent components (assuming tensor symmetry). The 

orthogonal invariants of the tensor provide information on the degree and modes of 

anisotropy (Ennis and Kindlmann, 2006). Deriving the principal directions (mutually 

orthogonal eigenvectors) and principal diffusivities (eigenvalues) from the diffusion tensor 

D  is an important application of DTMRI to cardiac muscle, since the principal directions 

have been shown to correspond to the preferred directions of diffusion. Histological studies 

have shown that the direction of maximum diffusion (the primary eigenvector) correlates 

with the local myofibre orientation (Hsu et al., 1998; Scollan et al., 1998). Therefore, 

DTMRI can be used to quantify the 3D orientations of the myocardial fibres throughout the 

heart.  

Myofibre orientation information defines the predominant axis for both mechanical and 

electrophysiological function, and is therefore essential for modelling both the mechanical 
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behaviour of myocardium and for modulating electrical conduction (LeGrice et al., 1995; 

Ubbink et al., 2006). Myofibre orientations not only exhibit large regional and transmural 

variation (Ennis et al., 2008), but also remodel as a consequence of disease (Maron et al., 

1981). These changes may have direct mechanical and/or electrical ramifications for the 

heart and can lead to mechanical dysfunction and/or arrhythmia. Therefore, a rational 

approach for studying ventricular biomechanics is to incorporate DTMRI data into FE 

models of cardiac kinematics. The framework developed to accomplish this is introduced in 

section 3.2.   

 

2.3 Finite Deformation Elasticity 

2.3.1 Continuum Mechanics 

 

The movement of the heart is initiated by an electrical pulse and driven by pressures exerted 

by the blood and forces generated by the myocardium itself upon activation. The 

deformation and traction field acting on the material are represented by strain and stress in 

finite deformation elasticity theory. Stress quantifies the amount of force acting on an 

infinitesimally small plane surface within the material, and strain is related to length 

changes or the displacement gradients of the heart motion. Although cardiac motion is 

continuous through time, a two-state quasi-static analysis is considered for this thesis: 1) the 

unloaded (LV cavity pressure is zero; stress free) state of the material; and 2) the deformed 

state after reaching equilibrium. Key components and equations leading to the governing 

equations for finite deformation elasticity are summarised below. 

To quantify the amount of deformation undergone by the heart between its undeformed and 

deformed states, a deformation gradient tensor ( F ) is defined (Eq. 2.4). 

M
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X

x




i

MF        (2.4) 

where ix are the deformed coordinates of a material point P and MX are the undeformed 

coordinates of the same material point. Note that the subscripts ( i ) and ( M ) represent 
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spatial coordinates with respect to the global reference coordinates system and material 

coordinates respectively
1
. By calculating strain in the deformed material, another form of 

tensor, known as the Green’s deformation tensor or the right Cauchy-Green deformation 

(C ), is introduced (Eq. 2.5) and the relationship between the Lagrangian Green’s strain 

tensor ( E ) and deformation tensor is shown in Eq. 2.6.  


















N

k

M

k

X

x

X

x
FFC T     (2.5) 

   IFFICE  T

2

1

2

1
    (2.6) 

where I is the identity matrix. 

Another important term, often referred to as the Jacobian ( J ), represents the transformation 

from the reference to deformed coordinates and indicates the change in volume.    

3)det( IJ  F      (2.7) 

While the strain tensor contains the kinematic information of the heart, the stress tensor 

holds the kinetic information. Stress equilibrium equations need to be defined to maintain 

the balance of the forces and momentum acting on the heart. These equations are derived 

from the laws of conservation of mass, linear momentum, angular momentum and the 

principle of virtual work (Malvern, 1969). Three types of stress tensors are used in the 

engineering field: the Cauchy stress tensor, the first Piola-Kirchhoff stress tensor, and the 

second Piola-Kirchhoff stress tensor. Although they all represent a force per unit area, the 

states at which the force and area are quantified differ. The second Piola-Kirchhoff stress 

tensor ( MNT ) is used in finite deformation elasticity theory because it describes material 

behaviour at a point in the reference configuration, and so can be used to represent stresses 

with respect to material coordinates. It is evaluated using the force measured per unit 

undeformed area acting on an element of surface in the undeformed state. Detailed 

relationships between the three stress tensors can be found in Malvern (1969, p.220).  

The principles governing soft tissue mechanics are summarised as follows.  

                                                           
1
 Index notion is used throughout the entire thesis. Repeated indices imply summation (Einstein notation) 

unless stated otherwise.   
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 Conservation of Mass: adds the constraint so that the mass in the undeformed and 

deformed states must be equal.  

 Conservation of Linear Momentum: equates the rate of change of the total linear 

momentum to the vector sum of all external forces acting on the material. In the 

absence of accelerations and body forces, this momentum balance reduces to the 

stress equilibrium equations in Eq. 2.8       

0
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 Conservation of Angular Momentum: reduces the number of independent stress 

tensor components from 9 to 6 (3 normal components and 3 shear components) by 

equating the change of the total angular momentum over time to the vector sum of 

the moments of the external forces acting on the system, hence enforcing symmetry 

of the Cauchy stress tensor  (Spencer, 1980). 

 Principle of Virtual Work: brings the displacement into the equilibrium equations 

by considering the surface traction ( s ) to be in equilibrium with the internal stress 

vector t  when the body is subject to the virtual displacement v .  

After transforming the surface integral into a volume integral using Gauss‟ theorem 

and using the Cauchy‟s first law of motion, the Second Piola-Kirchhoff stress 

tensor ( MNT ) can then be expressed as follows. 
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The surface integral on the right-hand side only exists if an external pressure is 

applied to surface
2

S . External pressure is an important loading condition 

(particularly to represent the endocardial cavity pressure) when modelling cardiac 

mechanics, thus the surface integral needs to be evaluated before the displacements 

can be determined.  

By substituting the external pressure term, a complete description of the governing 

equation is obtained (Eq. 2.10). For simple material behaviours, Eq. 2.10 can be 
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solved directly. For the purposes of this thesis, the equilibrium equations defined in 

curvilinear coordinates are not presented; detailed explanations can be found in 

Green and Adkins (1970).     
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2.3.2 Constitutive Relations 

 

Constitutive relations define the relationship between the stress components and 

deformation in order to characterise passive mechanical properties of individual materials. 

Eq. 2.11 expresses the second Piola-Kirchhoff stress tensor ( T ) in terms of Lagrangian 

Green’s strain tensor ( E ).  
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For isotropic materials that do not have any preferred direction of stiffness, the strain energy 

density function can be written as a function of the principal invariants of C . After taking 

the incompressibility constraint ( 13 I ) into account, W is now defined in Eq. 2.12.  

   1,
321
 IIIWW       (2.12) 

where W is only a function of 
1

I  and 
2

I  and  is a Lagrange multiplier. Another term 

called the hydrostatic pressure ( p ), representing the reaction stress as a result of the 

incompressibility constraint, is derived. When substituting Eq. 2.12 to Eq. 2.11 by taking the 

derivative and setting the Lagrange multiplier (  ) to be a function of the hydrostatic 

pressure ( p ) to ensure that the diagonal terms of the stress tensor is a true hydrostatic 

stress, Eq. 2.11 becomes a general form of constitutive relation.  
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Cardiac muscle does not behave isotropically due to its complicated 3D structure. It has 

been shown by many researchers that anisotropic, hyperelastic laws are a good 

representation of the myocardial mechanical behaviour (Demer and Yin, 1983; Humphrey 

and Yin, 1989; Guccione et al., 1991; Costa et al., 1999; Schmid et al., 2006). The 

transversely isotropic material relation, proposed by Guccione et al. (1991), assumes there is 

a single direction (local fibre axis) that exhibits unique mechanical behaviour. In other 

words, the materials exhibit rotational symmetry about this preferred axis and reflectional 

symmetry with respect to all planes containing this axis. In this study, the transversely-

isotropic material relation was used to model the passive behaviour of the canine 

myocarium. Equation 2.14 details the relationship between the strain energy density 

function and the strain components.   
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 (2.14) 

where αβE  are the components of Green‟s (Lagrange) strain tensor referred to fibre ( f ), 

cross-fibre ( c ) and radial ( r ) material coordinates. 
1

C  represents the global stiffness of the 

myocardium and scaling of this parameter can shift the passive portion of the pressure-

volume relationship upwards or downwards. The stiffness in the fibre axis and the plane 

normal to the fibre axis are depicted by 
2

C  and 
3

C  respectively. The shearing stiffness 

(
3

C ) in the cross-fibre to radial direction is different from that in the fibre to cross-fibre and 

fibre to radial directions, both of which are represented by 
4

C .   

Two other constitutive relations developed to represent myocardial mechanical behaviour 

are the orthotropic material relation (Costa et al., 2001), and the orthotropic “pole-zero” 

formulation of strain energy density function (Nash and Hunter, 2000). The underlying 

mechanism of these orthotropic material relations was based on the laminar structure of the 

cardiac myocardial fibres revealed by LeGrice et al. (1995) as described in Section 2.2. The 

sliding between adjacent sheets is a significant component of total LV wall thickening 

during systole (Costa et al. 1999). Based on these observations, Costa et al. (2001) 

developed an exponential constitutive relation to represent orthotropic mechanical 

behaviour. Nash and Hunter (2001) proposed another orthotropic “pole-zero” formulation 

with 18 material parameters describing the uniaxial and shear behaviour with respect to the 
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fibre microstructural axes. This form of the material relation introduced three material 

parameters ( a , b , and k ) associated with each of the six different modes of deformation 

(normal and shear). Quantifying material parameters for any of the equations mentioned 

above can be difficult, especially for the “pole-zero” law because of the large number of 

unknowns and lack of data to cover the full deformation. Thus, for the purposes of this 

thesis, the transversely-isotropic relation was considered. However, this study could be 

extended to characterise material properties of an orthotropic material law if information on 

fibre sheet angles was available.  

 

2.4 Modelling Cardiac Mechanics  

 

The earliest LV anatomical models focused on representing the LV shape accurately in 

order to make realistic stress estimates. One approximation was the combination of two 

truncated confocal prolate spheroids that represented the epicardial and endocardial 

surfaces. Due to the nature of the prolate spheroids, axi-symmetry was an important 

assumption made in these early cardiac models. Many researchers have attempted to predict 

LV wall stress using thick-walled models (Wong and Rautaharju 1968; Mirsky and 

Parmley, 1973). Since the early 1970s, several imaging techniques, such as cineangiography 

and two-dimensional (2D) echocardiography, began to be used to provide more detailed 

description of the ventricular anatomy. However, the state at which the heart was imaged 

varied among the imaging methods and consistency was difficult to achieve. Serial 

sectioning of the ventricles became a better alternative to acquire geometric information 

(Hunter and Smaill, 1988). Although the thick-walled LV models did not capture the true 

LV geometry, the observations made by those researchers did show heterogeneity of stress 

distributions and large deformations throughout the ventricular wall during the heart cycle, 

which requires the use of finite deformation elasticity theory to reliably represent the wall 

motion.   

Development of FE models provided more realistic estimation of the stress fields based on 

more realistic geometry and strain fields, together with knowledge of the mechanical 
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properties of the myocardium. The advantages and disadvantages of several previous 

cardiac geometric and mechanical models are summarised below.  

1. Hunter et al. (1975) developed the first non-axisymmetric FE model of a canine LV 

incorporating geometric information obtained from physical measurements of the 

endocardial and endocardial radial coordinates of silicon-filled hearts mounted on a 

rig. The model included transmural fibre distributions measured by Streeter et al., 

(1969).  

2. This modelling framework of Hunter et al. (1975) was improved by Nielsen et al. 

(Nielsen et al., 1991), who modified the heart rig to measure and fit fibre 

orientations throughout the ventricles. Since the geometry and fibre angles were 

acquired with the same instrument, spatial registration was not necessary.    

3. Guccione et al. (1991) used a mathematical model to predict myocardial stress and 

to identify the passive constitutive parameters of a transversely-isotropic material 

relation. They matched epicardial strains measured in isolated, arrested canine hearts 

to simulated strains predicted by a thick-walled cylindrical model representative of 

the equatorial region of the canine LV free wall subject to the measured pressure 

loading conditions. Although the shape of the LV equatorial region can be 

approximated as a thick-walled cylinder, the axi-symmetry assumption meant that 

the regional behaviour could not be fully characterised.   

4. Several researchers have used meshes with large numbers of tetrahedral or 

hexahedral elements, together with low order Lagrange interpolation basis functions. 

This is sufficient to represent wall geometry and fibre orientations but can be 

computationally expensive (Walker et al., 2004; Sermesant et al., 2006a).  

5. Linear elasticity and small strain theory were adapted to model mechanical 

behaviour of the heart (Sermesant et al., 2006a,b) but these are known to be 

inappropriate for the heart leading to large errors in strain and stress predictions 

(Janz and Grimm, 1974).  
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6. Several studies used a generic model with approximate geometry and estimated fibre 

architecture based on experimental observations from isolated, arrested hearts when 

imaging data were unavailable (Guccione et al., 1991).   

7. While geometric information can be readily obtained using advanced imaging 

techniques, detailed microstructural descriptions are not typically available for the 

same hearts. Therefore, models with a combination of data from multiple animals, 

and in some cases species, have been utilised. This assumes that there are negligible 

variations of fibre orientations between animals and species (Wong et al., 2006). 

 

2.5 Computational Techniques 

 

To solve LV mechanics, this thesis adopts the Galerkin finite element method (FEM) with 

Newton‟s method to solve the nonlinear stress equilibrium equations. Galerkin FEM 

incorporates weight functions into the stress equilibrium equations and ensures 

orthogonality between the weighting function and equation residual which represents the 

error between the true solution and the numerical approximation (Nash 1998). This ensures 

that the FE solution convergences as the mesh is refined.  

Discretising the LV into smaller domains, known as finite elements, is necessary because 

closed form solutions to the stress equilibrium equations do not exist for non-regular 

geometries, thus a numerical approach is necessary. The FEM requires mapping between 

the global parameters and local parameters. Parameters are typically defined within an 

element with respect to its vertices called nodes. In general, the greater the number of nodal 

parameters, the greater the level of accuracy that can be obtained to approximate the shape 

and function of the LV. However, the computational cost grows non-linearly with the 

number of nodal parameters. Interpolation functions are used to provide continuous fields 

representing the geometric variables or solution parameters (displacements) between the 

nodes.  

Specific details of the stress equilibrium equations expressed in terms of curvilinear 

coordinates and local FE coordinates can be found in Nash (1998). The weak form of these 



 

 2.5 Computational Techniques 

Page | 32  

 

equations is decomposed into contributions for each of the elements in the model, integrated 

using Gaussian quadrature, and assembled to form a global system of nonlinear equations in 

terms of the nodal parameters of the FE model. The right-hand-side of these nonlinear 

equations relates to the loading conditions on the model.  The nonlinear equations are solved 

using Newton‟s method to determine the deformed configuration of the model and thus 

obtain estimates of the regional myocardial stress. The next two chapters of this thesis focus 

on describing the techniques and models developed to investigate in vivo cardiac mechanics 

using MRI and FEM.  



Chapter 3 Model-based analysis of LV 

structure 
 

Aspects of this chapter have been published in Lam et al., Proc. of the Computational 

Biomechanics for Medicine Workshop II of MICCAI2007, pp. 5-14 2007; and Wang et al., 

Lecture Notes in Computer Science 5242: 814-821, 2008. 

 

This chapter describes the construction of FE models of five canine LVs, combining in vivo 

geometric data acquired from high resolution MRI tagging and ex vivo fibre orientations 

measured from the same hearts using DTMRI. Each integrated biophysical model was used 

to estimate the passive and active mechanical properties of the LV myocardium as presented 

in Chapter 5 and 6, respectively. Integration of cardiac geometry and microstructural 

information provided by different imaging protocols was achieved using FE-based 

registration methods. Section 3.1 details the process of creating the LV models, and Section 

3.2 describes procedures designed to amalgamate the myocardial fibre orientation 

information into the geometric FE models.  

  

3.1 Left Ventricular Geometric Model 

 

Anatomical models of the LV geometry under in vivo condition provide the basis for 

analysing ventricular mechanics and constitutive behaviour. The geometric model 

developed in this study used tagged MRI to generate FE models of the in vivo ventricular 

geometry. Section 3.1.1 introduces the MRI data provided by Johns Hopkins University 

(Ennis, 2004) while section 3.1.2 describes the analysis performed on the tagged MR 

images. Detailed information on data acquisition and imaging parameters are provided in 

Ennis (2004, Chapters 6 and 7). A brief description of the imaging protocols is summarised 

in the following. 
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3.1.1 In vivo Tagged MRI Tagging 

 

All experimental studies were performed by collaborators from Johns Hopkins University 

and were approved by the local Institutional Review Boards, and conformed to the “Guide 

for the Care and Use of Laboratory Animals” published by the National Institute of Health 

(NIH publication No. 85-23, revised 1985).  

MRI tagging was performed on five beagles using a General Electric 1.5T CV/i scanner and 

a 4-element phased array knee coil. Prior to imaging, the beagles were anesthetised 

intravenously and subjected to positive pressure ventilation with 1.5% isoflurane throughout 

the entire scan. Each animal was equipped with a right atrial-pacing electrode, used for 

monitoring heart rate and pacing the cardiac motion. Tagged short-axis images (12 slices 

and 60 frames per cardiac cycle) were acquired using the 3D fast gradient echo pulse 

sequence with the following parameters: 180 mm x 180 mm x 128-160 mm field of view 

(FOV), 384 x 128 x 32 acquisition matrix, 12° imaging flip angle, ±62.5kHz bandwidth, 

TE/TR=3.4/8.0 ms, 5 pixel tag spacing, and 5 mm slice thickness. Long-axis tags (12 slices 

and 60 frames per cardiac cycle) were oriented radially about the long axis and a 2D fast-

gradient echo pulse sequence was used to acquire images with parameters: 200 mm x 200 

mm x 8 mm FOV, 256 x 128 acquisition matrix, 12° imaging flip angle, ±31.25kHz 

bandwidth, TE/TR=3.2/8.0 ms, 1 view per segment, and 7 pixel spacing. The entire tagging 

acquisition consisted of three datasets each with unique tag line orientations: horizontal tag 

short-axis MR images, vertical tag short-axis MR images, and vertical tag long-axis MR 

images. The horizontal and vertical tag lines for the short-axis images were combined post-

scan to form a grid. Figure 3-1 (a) illustrates short-axis images of one heart (Animal 0926) 

reconstructed at end diastole (ED: left), and end systole (ES: right). Figure 3-1 (b) shows the 

orientations of the long-axis images relative to the short-axis images.     

The 3D imaging sequence used to generate these tagged MRI data was designed specifically 

for detailed measurement of deformation in the transmural direction (i.e. at least three 

transmural tags around the LV wall) while the circumferential and longitudinal deformation 

were also readily characterised. These data not only have relatively high spatial resolution, 

but also higher temporal resolution than clinical MRI (i.e. approximately 60 frames per 

cardiac cycle, compared to typically 20-30 frames for clinical scans). One benefit of this 
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was to provide more detailed motion information during the rapid cardiac phases such as 

IVC, and the rapid untwisting of the LV (Ennis, 2004). In order to achieve high temporal 

resolution, the respiratory signal, collected using the scanner‟s bellows transducer, was 

sampled by the pulse sequence throughout the experiment to provide respiratory gating 

windows. In other words, data acquisition only occurred between complete R-R intervals at 

end-expiration. The respiratory rate was also phase-locked with cardiac pacing to minimise 

respiratory motion artefacts.  

 

Figure 3-1: (a) Short-axis tagged MR images of a beagle’s heart at end diastole (left) and 

end systole (right). (b) Short-axis and long-axis images superimposed to illustrate their 

relative locations and orientations. 

Short-axis images were acquired at 12 evenly spaced locations spanning from the base to 

the apex, and 12 long-axis MR tagged images with an angular separation of 30º around the 

long-axis of the LV. By introducing a spatial frequency dependent temporal sampling 

scheme, the image acquisition duration was also shortened. Post-imaging reconstruction 
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process resulted in approximately 60 image frames per cardiac cycle for all five animals. 

Based on the observations of valve plane movement from the long-axis images, both sets of 

images were grouped into four different stages covering the four cardiac phases for every 

heart cycle: diastolic filling, IVC, ejection, and IVR. The image frames corresponding to the 

start and end of each phase were defined from a long-axis image in which the mitral valve 

plane motion was clearly visible in cross-section. The frame at which the mitral valve 

opened was defined as the start of a cardiac cycle, and the frame at which the mitral valve 

closed was defined as ED. Similarly, the frame at which the aortic valve opened was defined 

as the end of IVC, and ES corresponded to the frame at which the aortic valve closed.  

It should be noted that the reference mechanical model was constructed from the frame at 

the end of rapid filling (also known as the rapid recoil), but prior to the onset of the slow 

filling phase, since that was considered to be when the sarcomeres were closest to their 

resting lengths. At the end of IVR, the ventricular cavity pressure is nearly at its minimum 

and the sarcomeres are generally still in their contracted states. Rapid filling occurs when 

the elastic energy stored in the myocardium at maximal contraction releases and causes the 

heart to elastically recoil. The release of elastic energy along with the pressure gradient 

between the atrium and ventricle rapidly „sucks‟ blood into the LV from the left atrium 

(LA). As the ventricle dilates, the pressure difference diminishes, and thus the filling slows. 

The pressure continues to rise during this latter phase (particularly following LA 

contraction) and the sarcomeres stretch as the ventricles dilate. The list of the four frame 

numbers corresponding to the phase transitions for each of the animals studied is provided 

in Table 3-1. 

Table 3-1: Frame numbers for each phase transition of the cardiac cycles. 

Animal Reference ED End of IVC ES

0912 48 4 6 29

0917 55 8 10 37

0926 55 7 10 39

1017 55 5 9 37

1024 6 10 16 46
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3.1.2 Tagged MRI Data Analysis 

 

The main application of MRI tagging is to provide quantitative in vivo non-invasive 

information on the mechanical function of the myocardial tissue. The sets of tagged MR 

images used in this study allowed derivation of not only geometric information of the canine 

LV, but also relatively high spatial and temporal resolution measurements of the cardiac 

motion. The process of developing the geometric model from the tagged MR images 

(referred to as the LVTAG model in this thesis) is discussed in Section 3.1.2.1 and the 

analysis of MRI tags is demonstrated in Section 3.1.3. The procedures developed in this 

chapter were applied to all five animals.    

 

3.1.2.1 LVTAG Structural Model  

 

To create a 3D geometric model of the LV, surface information needed to be extracted from 

the tagged MR images. There are multiple methods of segmenting LV endocardial and 

epicardial surfaces ranging from manual, semi-automatic to automatic methods (Cootes et 

al., 1995), which are still under development and validation. Both manual and semi-

automatic approaches were investigated in this work.   

 

Manual Segmentation 

For the manual approach, the two surface boundaries were identified using the Zinc 

Digitizer
2
. Before segmentation, all short- and long-axis images that corresponded to the 

reference frame were loaded into the Zinc Digitizer and the images were stacked according 

to their patient coordinates (Figure 3-2). The endocardial and epicardial surfaces of the 

short- and long-axis images were segmented separately, but the contour points from each 

series were checked relative to each other (Figure 3-2: left) to ensure that the final surface 

data matched the boundaries in both sets of images.  

                                                           
2
  http://www.cmiss.org/cmgui/zinc 
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Figure 3-2: (Left) Segmented surface contours from one long-axis (gold points) and one 

short-axis image (green points). (Right) Stack of long- (green lines) and short-axis images 

with endocardial surface contour data (gold points) and epicardial surface contour data 

(green points).  

 

 

Figure 3-3: Cardiac coordinate system.  See text for explanation.  

 

For convenience, a cardiac coordinate system was adopted. This system was customised to 

the particular LV geometry, in contrast to the spatial RC coordinate system used for MR 
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scanning. This also enabled registration of information for the same heart acquired under 

different imaging techniques or physical conditions. The cardiac coordinate system was 

constructed by selecting three landmark points from the tagged MR images: the centroid of 

the LV in the most basal slice where both ventricles were visible (Figure 3-3: orange), the 

centroid of the RV (Figure 3-3: green) from the same slice, and the centroid of the LV in the 

most apical slice (Figure 3-3: yellow). Using these landmark points, a transformation matrix 

was determined and applied to all of the segmented surface data to map their coordinates 

from the image coordinate system to the cardiac coordinate system.  

 

Guide-Point Modelling 

The manual surface contouring approach mentioned above can be rather time-consuming 

depending on the number of image slices involved. In this study, a semi-automatic 

approach, which used a pre-defined ventricular model to assist segmentation, was also 

implemented (see Figure 3-4 for illustration). The epicardial (blue) and endocardial (green) 

contours at each frame (~60 frames per cardiac cycle) were generated from both short-axis 

(Figure 3-4 (a): left) and long-axis (Figure 3-4 (a): right) images with the aid of a guide-

point modelling technique that incorporated non-rigid image registration. The guide-point 

modelling method was developed by Young et al. (2000) to allow semi-automatic creation 

of a geometric model of the LV from cine or tagged MR images with efficient user 

intervention. A generic model was firstly created based on the central long-axis (cyan) of 

the LV (Figure 3-4 (a): left), as well as RV (pink) insertion points (Figure 3-4 (a): left), and 

the basal plane (pink) points (Figure 3-4 (a): right), which determined the position of the 

model base (Figure 3-4 (b): yellow plane). All of these points were defined by an analyst. 

The generic model was then gradually customised to the images by fitting the generic 

contours (both short-axis and long-axis contours) to additional guide-points (Figure 3-4 (a): 

green and blue) created by the analyst at any image location. The model was updated in real 

time using least squares optimisation between the model surfaces and guide points. Nodal 

parameters describing the surface were interpolated using bicubic-Hermite basis functions, 

and linear interpolation was used to connect the endocardial and epicardial surfaces.  
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Figure 3-4: (a) Snapshot of segmented surface contours for a mid-ventricular short-axis 

image and a long-axis image using a guide-point model. (b) 3D model with the epicardial 

and endocardial surfaces rendered with blue and green meshes, respectively.  

Contours were propagated to all frames in the cine sequence using non-rigid registration (Li 

et al., 2010). Briefly, a nonrigid image registration tracking procedure was performed as a 

warping of a current image to a reference image. The optimal deformation was defined by 

the minimization of the sum of the squared pixel differences between the reference image 

and the warped current image. The contours that were edited were automatically tracked to 

all other frames using the deformation maps. These “propagated” points were included in 

the guide point modelling optimisation process, with a weighting that decreased linearly 

with time from the frame currently being edited. The final models corresponded to the best 

fit to the guide-points, and provided a good approximation of the LV geometry at all frames 

of the cardiac cycle. The guide-point model could not be used directly as the functional 

(mechanics) model because it was constructed in a prolate-spheroidal coordinate system 

with Bézier interpolation functions, whereas it was desired to construct the FE models used 

for mechanics analysis using a different element topology defined in the RC coordinate 

system with tri-cubic Hermite basis functions (Bradley et al., 1997). Therefore, a nonlinear 

FE fitting method was implemented to create a LV geometric model based on the shape of 
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the guide-point model at the chosen reference frame. The surface information of the LV 

guide-point model at the reference frame was derived by creating two sets of evenly spaced 

points spanning the endocardial and epicardial surfaces, as illustrated in Figure 3-5. The rest 

of this section focuses on creating FE geometric model of the LV, referred to as the LVTAG 

model, based on these surface data derived from guide-point modeling.    

 

 

Figure 3-5: Epicardial (left) and endocardial (right) surfaces fitted to the guide-point model 

contour points (green) at the unloaded reference state. 

 

Geometric Model Creation 

To create a LV geometric model, an initial regular ellipsoid model was first generated 

(Figure 3-6), and then fitted to the surface contours derived from the guide-point model 

using nonlinear FE fitting techniques developed by Nielsen (1987). A detailed description of 

this initial model creation process is provided in Appendix A. To summarise, the geometric 

model consisted of 16 C
1
 continuous tri-cubic Hermite hexahedral finite elements, which 

consisted of 4 circumferential elements, 4 longitudinal elements, and 1 transmural element 

that connected 34 nodes. The endocardial and epicardial surfaces of the model were fitted 

independently by adjusting only the parameters that defined each of the respective surfaces 

(198 geometric DOF per surface). The FE material coordinates (ξ1,ξ2,ξ3) were arranged into 

a right-handed coordinate system such that ξ1 was aligned with the circumferential direction, 

ξ2 with the longitudinal (apex-to-base) direction, and ξ3 with the transmural (endocardium-

to-epicardium) direction (Figure 3-6: inset).  
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Figure 3-6: Initial ellipsoidal model with 16 elements. The inset shows the FE coordinate 

system. 

During the surface fitting, the endocardial and epicardial data points were projected to their 

respective surfaces of the initial FE model. The mean squared Euclidean distance between 

the data points and their model projections was then minimised using nonlinear optimisation 

(Nielsen, 1987; Fernandez et al., 2004) with the nodal parameters as variables. A small 

amount of Sobolev smoothing (1e
-4

) was added to maintain smooth curvature for the model. 

The final nodal values constituted the optimal geometric model (Figure 3-7). The root-

mean-squared-error (RMSE) magnitude of the set of final surface projections was used to 

assess the goodness-of-fit. The LVTAG model creation procedures are summarised in 

Figure 3-8.  

 

Figure 3-7: (Left) fitted epicardial surface (RMSE = 0.24mm) overlaid with epicardial 

surface data (blue dots). (Right) fitted endocardial surface (RMSE = 0.29mm) overlaid with 

surface data (green dots).  
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Figure 3-8: Flowchart summarising the process of developing an anatomical model from in 

vivo tagged MR images.  

 

3.1.2.2 Model Convergence Analysis 

 

The geometric fitting process minimised the RMSE of the data projections onto the LV 

surfaces. The idealised optimal value of this error would be zero, but in practice this is never 

achieved in nonlinear fitting due to spread in the data points and the type of model chosen to 
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represent the data. The accuracy of the FE model was investigated by performing a 

geometric convergence analysis. Section 3.1.2.2 describes the convergence analysis for 

geometric fitting using one of the geometric models (Animal 0912) developed in this study.  

The main purpose of the geometric convergence analysis was to find a mesh resolution that 

yields a surface fitting error below an acceptable tolerance level. Under the nonlinear FE 

fitting framework, refining the model ensures that the projection RSME decreases 

monotonically. The analysis scheme implemented here involved refining the model in 1  

and 2 separately then in combination (Figure 3-9). The model resolution was represented 

by the number of geometric degrees of freedom (DOFs) involved in the fit. DOFs were 

calculated by totaling the number of nodal parameters in the models. The total number of 

nodal parameters for the initial FE model was the product of the total number of nodes for 

each surface fit (16 for each surface) with the total number of parameters at each node 

(12=3x4 since there are 3 global coordinates ( zyx ,, ) per node, and there are 4 parameters at 

each node ( 21

2

21 ,,,   ) where   represents each of the three global 

coordinates in turn). Table 3-2 summarises the error for each surface fit along with the 

model resolution and refinement scheme.  

As shown in Table 3-2, refining the model in both directions improved the fitting for both 

surfaces and produced small RMSEs (<0.11 mm). Another factor that should be considered 

when determining an appropriate mesh resolution is the noise in the image and contour data. 

The most appropriate geometric model should not be fitting to the noise in the data. The 

noise level in the tagged MR images can be quantified using the pixel size. In other words, 

any fitted model with a RMSE below the size of a pixel (0.468 mm) would be at risk of 

fitting to the noise in the images, which should be avoided. Furthermore, maintaining the 

smoothness of the fitted model was also considered to be important. For example, after 

refining in the ξ2 direction the fitted model exhibited uneven surfaces (Figure 3-9: middle 

and right). Whilst amplifying the Sobolev smoothing weights improved the smoothness of 

the surfaces, the RMSE was compromised which was less ideal. In consideration of this 

analysis, the 16 (4x4x1) element mesh resolution was considered to be sufficient to 

represent the geometry of the LV with an acceptable RMSE.   
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Table 3-2: Geometric convergence analysis
3
. Note n is the total number of nodes in each 

model. The total number of data for the epicardial and endocardial surfaces were 313 and 

195, respectively.  

Model Resolution Degrees of Freedom Epicardial Surface Endocardial Surface
RMSE RMSE

(DOF) (mm) (mm)

Initial Model (n=34) 264 0.24 0.29

Refine in ξ1 (n= 66) 456 0.17 0.30

Refine in ξ2 (n=66) 456 0.19 0.22

Refine in ξ1 & ξ2 (n= 114) 744 0.10 0.11
 

 

Figure 3-9: (Left) LVTAG model refined in the 
1
  direction; (middle) refined in the 2  

direction; and (right) refined in both the 
1
  and 2  directions (except for the four apical 

elements).  

 

3.1.3 Tag Tracking 

 

The tagged MR images were designed to indicate the deformation of the heart throughout 

the cardiac cycle. In these experiments, three sets of tag orientations were employed to 

capture the 3D deformation of the heart. In-plane motion of the heart was obtained by 

tracking the horizontal and vertical tags of the short-axis images, whilst through-plane 

motion was quantified by tracking the long-axis vertical tags. Reconstruction of the 3D 

                                                           
3
 The total number of degrees of freedom (DOFs) was calculated by adding all nodal parameters that were 

used to fit to the surface data. Multiple versions of certain derivatives were also taken into account for the two 

apical nodes. 
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motion of the heart from the tag lines during the cardiac cycle requires specialised image 

processing and mathematical techniques (Young et al., 1995; Moore et al., 2000). This 

procedure involves combining information from different tagging sets using spatio-temporal 

interpolation. The final result is a 3D Lagrangian displacement field for the beating heart.  

In this study, custom-written 3D interactive image segmentation and tracking software 

developed by Young (1999) and Li (2010) was used to reconstruct regional LV deformation 

directly from both short-axis and long-axis images concurrently. This technique 

incorporates a 3D FE model to derive the 3D deformation field from tracked tag-line motion. 

A detailed description of the algorithm for this semi-automatic method can be found in 

Young (1999). The tracking and reconstruction process is summarised below. A series of 

points was assigned to follow the tag motion, whereby each of the points provided 

information on displacement orthogonal to the original tag plane. The FE model served as a 

host mesh to reconstruct the 3D displacement field by fitting to the point displacements at 

each time frame using linear least squares (Young et al., 1995; Young, 1999). A non-rigid 

registration procedure (Li et al., 2008) was employed to calculate displacement maps in 

each image through time. This process found the optimal displacement field to match the 

motion of the tag stripes in the images. A bicubic free form deformation model was used to 

track the image features using Levenburg-Marquardt minimization of the sum of squared 

pixel differences between the target and template images. These displacement maps were 

then used to generate a set of 1D displacement constraints for the 3D deformation. Firstly, 

the Eulerian map  xX  was calculated, giving the position in the initial frame X  of points 

in the current frame x  (Young et al., 1995). This was done in order to correct for through-

plane motion in the images. The following objective function was minimised. 

   
j

jjtjwSE
2

)()()( XxXnXx     (3.1) 

where tn  is the normal to the tag plane direction, jx is the current position and jX  is the 

tracked initial position. Once the Eulerian displacement had been determined, the 

Lagrangian displacement field  Xx  was fitted by minimizing 

     
j

jjjwSE
2

)()()( xXxxx .     (3.2) 
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In both cases the S  term was applied as a smoothing constraint which regularized the 

problem that was ill-posed due to the relatively sparse location of the image slices. The 

guide-point models created during active contouring at each frame of the cardiac cycle 

served as region of interest (ROI) masks to ensure that only tag lines lying within the LV 

myocardium were tracked. Once the tag tracking was completed and the 3D deformation 

field was computed, a set of 3D material points were embedded in the reference 

(undeformed) frame and the displacements of these material points to the other (deformed) 

frames were derived. The steps taken to analyse tag information are summarised in Figure 

3-10.  

 

Figure 3-10: Flowchart illustrating the steps for tracking the tag lines and deriving 3D 

material points from the tracked deformation field.  
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The displacements of these material points were used for estimating the passive and 

contractile material parameters as described in Chapters 5 and 6, respectively. To achieve 

this, the LV mechanics model needed to incorporate information on the myocardial fibre 

architecture. Section 3.2 describes methods developed to incorporate local fibre information 

in the LVTAG model.      

 

3.2 Myocardial fibre orientation 

 

Fibre orientations in the heart have significant impact on its electrical and mechanical 

behaviour (Waldman et al., 1988, Costa et al., 1999; Costa et al., 2001). Not only is the 

piece of information important for mechanics simulation, the accuracy of these data are 

becoming even more important when estimating material properties (Holmes and Costa, 

2006) because it relies on the fact that the underlying structural and functional data are 

correct. Holmes (2004) revealed that changes in the transmural gradient of fibre angles had 

more influence on the diastolic filling behaviour of a rat heart than the changes in the 

material properties. Ubbink et al. (2006) also found that the estimation of shear strain and its 

time course was sensitive to the choice of fibre orientation. To obtain accurate estimation of 

the myocardial mechanical properties, accurate fibre orientations are of equal importance 

compared to accurate geometry. DTMRI has been shown to non-destructively provide an 

accurate description of the heart‟s myofibre orientations (Hsu et al., 1998; Scollan et al., 

1998; Scollan et al., 2000). The myocardial fibre data used in this study were derived from 

DTMRI experiments that were performed following the MR tagging experiments mentioned 

above. 

 

3.2.1 Ex vivo Diffusion Tensor MRI 

 

The hearts were excised and fixed in the ED configuration. The imaging protocol used in 

the experiment was detailed in Ennis (2004). Briefly, diffusion weighting gradients were 

incorporated into a 3D fast-spin echo sequence. Imaging parameters were as follows: 
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100mm x 100mm x 86.4mm FOV, 128 x 128 x 96 acquisition matrix resulting in 780µm x 

780µm x 900µm voxels, TR/TE (multiple-echo readout) = 600ms/(62ms,72ms). Diffusion 

tensor data were reconstructed from the non-diffusion (b = 0) weighted images and diffusion 

weighted images using linear regression of the logarithm of echo intensities and components 

of the b-value matrix. The maximum diffusion eigenvector was calculated in each voxel of 

the DTMRI dataset by performing an eigen-analysis. Extensive coverage of the eigen-

analysis of DTMRI data can be found in Ennis et al. (2005 & 2006). Figure 3-11 illustrates 

one non-diffusion weight (left) and diffusion weighted (right) short-axis image. The 

diffusion weighted image was coloured based on the orientations of the vectors with respect 

to the global image coordinate system. Vectors oriented parallel to the x axis are colour-

coded in red, vectors parallel to the y axis are green, and those orientated orthogonal to the 

x-y plane are blue. 

 

 

Figure 3-11: 2D axial view of a non-diffusion weighted image (left) and diffusion weighted 

image (right) displayed in the image coordinate system.  

 

Streeter et al. (1969) reported a transmural variation in the fibre angle in the canine heart, 

whilst more recent measures have demonstrated statistically significant regional differences 

in fibre angles (Omens et al., 1991; LeGrice et al., 1995; Helm et al., 2005; Ennis et al., 

2006). The distinct transmural changes in myofibre orientation were clearly seen when 

visualizing the maximum diffusion eigenvectors (Figure 3-12). The principal eigenvector 
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rotates in a left-handed helix from approximately -65° (i.e. a clockwise rotation to the short 

axis plane) on the epicardium, through to approximately 0° in the mid-wall region, and to 

approximately 70° on the endocardium. 

 

Figure 3-12: 3D rendering of the maximum diffusion eigenvectors extracted from a mid-

ventricular DTMRI slice. The colour scheme is based on the global image coordinate 

system as described in Figure 3-11.  

 

3.2.2 DTMRI Data Extraction and Analysis 

 

To incorporate the fibre vectors into the LVTAG model, the following series of imaging 

processing procedures were proposed: 

 Step 1: segmenting the DTMR images and constructing a FE model (LVDTMRI 

model) representing the geometry of the LV imaged by DTMRI (Section 3.2.2.1);  

 Step 2: masking the DTMRI data using the LVDTMRI model to extract myofibre 

orientations (Section 3.2.2.2);  

 Step 3: converting myofibre locations and orientations into the cardiac coordinate 

system (Section 3.2.2.3); 

 Step 4: creating a model transformation (LVDTMRI-TAG model) between the in 

vivo LVTAG model and ex vivo DTMRI contours for mapping fibre information 

(Section 3.2.2.4);  
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 Step 5: embedding all myocardial fibre data into the transformed model, and 

evaluating fibre angle for each vector (Section 3.2.2.5); 

 Step 6: phase-unwrapping the fibre angles with the aid of a simple model (Section 

3.2.2.6).  

 Step 7: nonlinearly fitting the fibre angles to the LVDTMRI-TAG model (section 

3.2.2.7).   

Detailed descriptions for each step are provided in the following sections and a summary is 

illustrated in Figure 3-31.  

 

3.2.2.1 Contour segmentation 

 

To ensure only fibre orientations of the LV myocardium were extracted from the raw 

DTMR images, a region of interest was defined by identifying the inner and outer 

boundaries of the LV for each slice. This contour segmentation was carried out using the 3D 

visualisation software CMGUI
4
 (CM Graphic User Interface). CMGUI allowed all DTMRI 

slices to be stacked under the image coordinate system. The segmentation process was 

lengthy, given the large number of DTMRI slices (i.e. 106 slices), and could also be 

susceptible to human error in identifying the boundaries of each surface. Therefore, an 

alternative approach was developed whereby a FE model (referred to as LVDTMRI model 

in this thesis) was created under the image coordinate system based on the contours 

segmented from selected slices, and the smooth surfaces (both epi- and endocardial 

surfaces) of the model were used to mask out myocardial fibre information. Figure 3-13 

shows the segmented contours from every 3
rd

 slice with the corresponding images in 2D 

short-axis (left) and 3D long-axis (right) views. Figure 3-14 illustrates the LVDTMRI model 

created using FE fitting technique described in Section 3.1.2.1.  

 

                                                           
4
 http://www.cmiss.org/cmgui 
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Figure 3-13: 2D view (left) of a short-axis DTMRI image with digitised LV endocardial 

(gold) and LV epicardial (green) contours and 3D view (right) of the surface contours with 

their corresponding images.  

 

 

Figure 3-14: 2D view (left) of a short-axis DTMR image with the LVDTMRI model, and 3D 

view (right) of the LVDTMRI model with the stack of DTMR images.  

 

3.2.2.2 Masking myocardial fibre information 

 

To exclude diffusion tensor information for the RV and background of the images, masks 

for each of the image slices were generated based on the LV endocardial and epicardial 

surfaces of the LVDTMRI model described above. Figure 3-15 illustrates the mask creation 

process for Animal 0912.  
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Figure 3-15: (a) LVDTMRI model superimposed with a pre-defined output image (black); 

(b) output mask image for one slice; (c) masked myocardium fibre locations superimposed 

with the original DTMR image showing good agreement (left) and masked myocardium 

fibre vectors (right) superimposed with the original DTMR image. The colour scheme of the 

vectors is based on the global image coordinate system as described in Figure 3-11. 

Firstly, the LVDTMRI model was displayed together with all image slices in the image 

coordinate system. The intersections between the model and each image slice were treated 

as textures whose coordinates were mapped to a pre-defined output image (Figure 3-15 (a)) 

using the CMGUI software. These output images were then converted to binary images with 

the myocardium represented in white, whilst the remainder of the image was set to black 
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(Figure 3-15 (b)). Figure 3-15 (c) demonstrates the agreement between the binary mask 

(green) and the underlying image. Subsequently, the coordinates of each of the pixels in the 

binary mask images were extracted and constructed to a matrix format (256 x 256 x 75). 

Since the fibre orientation data were also stored in a matrix format, it was convenient to 

directly multiply the mask at each slice with the corresponding tensor data in order to 

discard the data external to the LV myocardium (Figure 3-15 (c): right). 

 

3.2.2.3 Coordinates conversion 

 

To incorporate the fibre information into the LVTAG model, the DTMRI data also needed 

to undergo coordinate conversion from the image coordinate system to the cardiac 

coordinate system. Like the tagged MR images, the same landmark points (centroids of the 

LV base, LV apex and RV) were selected from the non-diffusion weighted images under the 

image coordinate system (Figure 3-16).  

 

Figure 3-16: Stack of null-intensity DTMR images with three landmark points (red).  

After this coordinate conversion, the DTMRI images and tagged MRI images were co-

aligned in the cardiac coordinate system. However, it was noticed that the two sets of 

images were oblique relative to each other (Figure 3-17), and this indicates that conversion 
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to the cardiac coordinate system alone was not enough to register the two types of MR data 

imaged under different physical conditions (in vivo versus ex vivo). The shape of the LV 

when imaged in the DTMRI experiments was slightly larger than it was for the 

corresponding in vivo MRI tagging experiments for all five animals. This was due in part to 

the state at which the fixation was performed (ED).  

Currently, DTMRI cannot provide reliable in vivo data due to image artifacts arising from 

the motion of the beating heart that corrupt quantitative measures of myofibre orientation. 

Thus, the technique is limited to ex vivo studies. When the heart is excised, it is fixed in a 

quasi-end diastolic state and therefore differs in shape when compared to the in vivo tagged 

MRI heart shape. The difference in the imaging conditions prevents direct incorporation of 

DTMRI information within the LVTAG geometric model. Non-rigid image registration 

techniques have been developed to overcome geometric distortions brought about as a result 

of using different imaging modalities or using the same imaging technique performed at 

different times (Li et al., 2008). However, the through-plane resolutions between the tagged 

MRI (4mm) and DTMRI (0.8mm) are not the same as illustrated Figure 3-18 (Top), which 

shows the increased number of DTMRI surface contours (gold) compared to the tagged 

MRI surface contours (green). Figure 3-18 (Bottom) illustrates the relationship between the 

DTMR images and the LVTAG model, and illustrates the inconsistency of the heart 

geometry obtained from two different experiments.    

 

Figure 3-17: DTMRI LV epicardial (left) and endocardial (right) surface contours (gold) 

for Animal 0926 after co-alignment with the tagged MRI surface contours (green). 
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Figure 3-18: (Top) Long-axis view of stacks of DTMR images (gold) along with stacks of 

tagged MR images (green). (Bottom) stack of short-axis of DTMR images (left) overlaid 

with tagged MR images and the LVTAG model (right) for Animal 0926.  

 

This substantial difference implies that a standard non-rigid registration method is not a 

viable option in this case to resolve the orientation and geometry differences. The 

inconsistency in the imaging plane orientations could have been dealt with by resampling 

the high through-plane resolution DTMR images at the same image planes as the tagged 

MR images, as well as at evenly spaced parallel planes between the tagged MR image 

slices. However, a global scaling of the resampled DTMR images would still be required 

given the different LV sizes. In addition, resampling might result in loss of image quality for 

the output image because the pixels may be either interpolated or deleted. For these reasons, 

a nonlinear fitting approach was adopted to achieve this transformation as detailed below. 
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3.2.2.4 DTMRI Data Warping (Free-Form Deformation) 

 

There have been several previous studies that have combined cardiac MRI functional data 

with DTMRI into computational models for FE analysis of ventricular mechanics (Walker 

et al., 2004, Augenstein et al., 2005; Sermesant et al., 2006a, Walker et al., 2008). Affine 

transformations along with image feature alignments is a common bulk registration method 

for combining tagged MRI data with DTMRI data (Walker et al., 2004, Sermesant et al., 

2006a; Walker et al., 2008). Such techniques involve either least-squares alignment of the 

geometry from the two data sets or least-squares alignment of the valve plane, LV long-axis 

and right-ventricular insertion points (Walker et al., 2004). These methods align the gross 

geometry of the LV in the two images sets, but do not account for regional transformations 

nor the transformation of the ex vivo fibre direction to the in vivo geometry.  

In this study, two methods were proposed to register the DTMRI data with the LVTAG 

model. The first approach involved transforming the DTMRI data using a host-mesh fitting 

technique (a type of free-form deformation) to map the fibre orientations onto the LVTAG 

model. A second approach used a FE fitting method. After a series of investigations on the 

advantages and disadvantages of each method, it was found that the latter method was 

preferable because the merit of transforming the raw DTMRI data in the host-mesh fitting 

method was questionable. Thus, the transformation was implemented using the FE fitting 

method, a summary of which is presented here. A detailed description of the host-mesh 

fitting method is included in Appendix B. Both methods in this study register the LV 

geometry and map the fibre orientations from the ex vivo to the in vivo geometric 

configuration on a regional basis. 

The FE fitting registration process used a nonlinear fitting procedure to warp the DTMRI 

data. The LVTAG (Figure 3-19 (a): blue) model constructed from the tagged MRI was 

subsequently fitted to the segmented DTMRI contours (Figure 3-19 (a): gold: endocardial 

contours; blue: epicardial contours) to create a new LV model, referred to as the 

LVDTMRI-TAG model (Figure 3-19 (b): muscle), whose geometry matched the shape of 

the LV as imaged in the DTMRI experiment. The DTMRI fibre vectors were then fitted 

within this new LVDTMRI-TAG model to generate a material vector field. The fitted fibre 

field was applied directly to the in vivo LVTAG model without any transformation of the 
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field parameters. Although there was no explicit transformation of these fibre parameters, 

the fibre orientation field was subject to transformation after being embedded to the in vivo 

LVTAG model. This was because the nodal parameters of the LVTAG and LVDTMRI-

TAG models differed and the embedded fibre field was interpolated based on the underlying 

geometry. Thus the deformation field relating the LVTAG and LVDTMRI-TAG models 

essentially defined the geometric transformation. The main advantage of this method over 

the host-mesh fitting was that no transformation of the raw fibre data was required; hence 

any fitting error that could result in mis-interpretation or smoothing of the raw data was 

avoided.  

 

Figure 3-19: (a) LVTAG model (b) LVDTMRI-TAG models overlaid with the DTMRI 

surface contours. See text for description of colours.  
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3.2.2.5 Fibre Angle Calculation 

 

The creation of the LVDTMRI-TAG model was required because it provided a platform not 

only for warping DTMRI data, but also for calculating fibre angles with respect to the local 

LV “wall-coordinates” (Figure 3-20) in order to be fitted to a FE field. The method for 

evaluating the fibre angle on a local basis included embedding all fibre vectors into the 

LVDTMRI-TAG model and constructing a local wall coordinate system (F,G,H) at each of 

the fibre vector locations. Due to the nature of the LVDTMRI-TAG model fitting, not all 

fibre vectors were inside of the model, especially near the boundaries (i.e. epicardium and 

endocardium). To ensure that all pixels within the myocardium were included in the fit, the 

data points outside of the model were projected to their corresponding surfaces. 

Since the estimation of sheet angles using DTMRI is still under validation (Helm et al., 

2005), it was not considered in this study. The imbrication angle, which measures the out-

of-plane angle between the fibre vector and local wall plane was also calculated for each 

fibre vector. However, this was not fitted to the model because these angles appeared to be 

insignificant after taking into account the noise in the data and the measurement error 

involved in this technique, as discussed below. Therefore, in this study, only the fibre angles 

were fitted to the LVDTMRI-TAG model. 

 

Figure 3-20: (Left) LVTAG model with local FE material coordinates; (Right) constructing 

local wall coordinate system (F,G,H)  from material coordinates ( 321 ,,  ).  
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The fibre angle, also referred to as the helix angle or fibre inclination angle, measures the 

elevation angle between the fibre vector and the local circumferential direction. The first 

step in evaluating fibre angles was to construct a local wall coordinate system (Nash, 1998) 

from local FE material coordinates (
321 ,,  ), illustrated in Figure 3-20. The local wall 

coordinate system consisted of three orthogonal axes ( HGF ,, ). At any point on the LV 

wall, F is defined to align with the local circumferential FE coordinate, 1 , H is defined 

normal to the 21    plane and G is defined orthogonal to the F-H plane (Figure 3-20) to 

construct a right-handed wall coordinate system. 

. 

Figure 3-21: (a) Evaluating the angle ( 1 ) between the fibre vector a  and its projection a'  

to the wall plane (F-G). (b) Evaluating the angle ( 2 ) between the fibre vector and the G 

axis. (c) Evaluating the fibre angle ( ) between the projected  fibre vector and the F axis.  

 

Calculation of the fibre angle for each vector was accomplished in two steps: 1) projecting 

the vector a  to the F-G plane, which was always parallel to the LV wall; and 2) calculating 

the angle between the projected vector (
'

a ) and local circumferential coordinate (F), as 

illustrated in Figure 3-21. Equation 3.3 explains the process of calculating the coordinates of 

the projected vector (
'

a ), and the fibre angle, which was defined to the elevation helix angle 

of the projected vector with respect to the local circumferential direction (counter-clockwise 

positive). 
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where 21,,   are defined in Figure 3-21 

Figure 3-22 shows an example of the fibre angles for some selected DTMRI slices. The 

fibre angles were coloured using a blue (-90°) to red (90°) spectrum to indicate the 

variation. Note that at this stage, the fibre angle map did not show a distinct transmural 

variation as one would expect, suggesting further processing was required.    

 

Figure 3-22: A short-axis slice of raw DTMRI fibre vectors along with calculated fibre 

angles.  

 

To examine the overall distributions of the fibre angles, histograms of all five sets of 

DTMRI data are presented in Figure 3-23. In each of the animals, the fibre angles were 

rather normally distributed between +100° and -100°, however, there were also a 

considerable number of fibre angles close to +180° or -180°. This explains the lack of 

smooth transmural colour variation in Figure 3-23, but this is misleading since the 
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directionality of the fibre vectors is not important. In other words, two co-linear fibre 

vectors may have angles that differ by 180° if the fibre vectors were not in the same 

hemisphere. To correct for this, either the vectors or the angles needed to be phase 

unwrapped. Section 3.2.2.6 describes further processes to correct this “fibre wrapping” 

problem.  

 

Figure 3-23: Distribution of fibre angles for all five animals.  

 

 Imbrication Angle Considerations 

 

In general, the fibre angle alone is not enough to quantify the fibre orientation because it 

assumes that the fibre lies in the wall plane. Therefore, the out-of-plane angle, often referred 

to as the imbrication angle or transverse angle, was also examined. Essentially, this angle 

represents the deviation of the fibre vector from the wall plane (F-G), shown in Figure 3-24 

(c).  

Streeter et al. (1979) defined the imbrication angle as the angle between the local 

circumferential direction and the projection of the fibre vector to the circumferential-radial 
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plane (F-H). In this study, the imbrication angle calculation (Eq. 3.4) was approached 

differently, however, the end result represents the same angle.   

  1

1

1 90cos    Ha      (Eq. 3.4) 

where 1,  are defined in Figure 3-24.  

 

 

Figure 3-24: (a) Evaluating the angle ( 1 ) between the fibre vector ( a ) and the H axis. (b) 

Evaluating the imbrication (transverse) angle (  ) by subtracting 1  from 90°.(c) An 

alternative way of calculating the imbrication angle by projecting the fibre vector a  to the 

plane (F-H) perpendicular to the longitudinal direction and evaluating the angle between 

'a' and F  axis.  

Figure 3-25 shows the imbrication angle maps of the same set of DTMRI slices shown in 

Figure 3-22. The colour scheme adopted in this figure highlights the vectors with an 

imbrication angle greater than 20° or less than -20° in red and blue, respectively with the 

remainder in white. The plot essentially revealed that the majority of the fibre vectors from 

these slices did not have a significant out-of-plane angle (i.e. < 20° or > -20°). To examine 

the overall distributions of the fibre and imbrication angles, histograms of all five sets of 

DTMRI data are presented in Figure 3-26. The mean and standard deviation was also 

calculated for each imbrication data set. Compared to the fibre angle distributions, the 

distributions of imbrication angles were much narrower and normally distributed around 0°. 

The standard deviation values indicate that 63% (1 standard deviation) of the fibre vectors 
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have an imbrications angle of less than 12° to 18° (depending on the animal). This is at odds 

with some of the literature as discussed in the following. 

 

Figure 3-25: Short-axis slices from DTMR images showing the DTMRIimbrication angles.  

 

The myofibre imbrication angles have been reported to be zero on the endocardial and 

epicardial surfaces and nonzero in the midwall region. They are also reported to exhibit 

linear variations along the long-axis (apex-to-base direction) with the largest (15°) and 

smallest imbrication angle (5°) located near the apex and base, respectively (Streeter et al., 

1979, Bovendeerd et al., 1994, Geerts et al., 2002, Ubbink et al., 2006). Inconsistent 

transmural profiles of imbrication angle between DTMRI and histological measurements 

were also noted by Seemann et al. (2006), who compared DTMRI data from the human 

heart with the canine fibre and imbrication angles measured by Streeter et al. (1979). In a 

more recent study by Gilbert et al. (2009) that compared DTMRI and histological 

measurements of fibre orientations in rabbit, imbrication (transverse) angles that were 

reported to be of similar magnitude to those observed in this thesis. The imbrication angles 

exhibited not only transmural, but also circumferential variations, which were not consistent 

with the classical histological measurements. Gilbert et al. (2009) postulated that the 

standard deviations computed for the DTMRI data could be contaminated by the DTMRI 

measurement error reported by Hsu et al. (1998), who used canine myocardium to validate 
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the correspondence between DTMRI measured principal eigenvectors with histologically 

measured fibre orientations and concluded an angular disparity of 15°. Scollan et al. (2000) 

carried out similar experiments using rabbit myocardium and reported the mean error 

between the histological and DTMRI angles at the same transmural sites to be 5.3° with 

standard deviation of 5.1°. Both of these studies drew the same conclusion that there was a 

strong correlation between the principal eigenvectors measured using DTMRI technique 

with tissue myofibre directions shown in histological studies, however certain discrepancies 

between the two methods were noted.  

For the purposes of this thesis, given that the majority of imbrication angles calculated for 

these DTMRI data sets were within the measurement error, it was decided not to include 

imbrication angle fields in the model.    

 

Figure 3-26: (Top) Distributions of imbrication angles, and (bottom) means and standard 

deviations of the imbrication angle distributions for each of the five animals.  
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3.2.2.6 Fibre Angle Unwrapping 

 

Due to the nature of eigen-analysis, there is no standard procedure that guarantees that the 

vectors will be oriented in the same hemisphere before fibre angles are calculated. 

Consequently, a correction process, which involved phase-unwrapping of the fibre angles 

according to the angle predicted by an approximate model, was proposed. This fibre angle 

model was chosen to roughly approximate the known transmural rotation of the fibre angles 

by linearly interpolating from +80° (endocardial surface) to -60° (epicardial surface) 

through the LV wall. This range of angles was determined based on data reported by 

Streeter et al. (1969), Omens et al. (1991), Nielsen et al. (1991) and LeGrice et al. (1995).  

For each fibre vector, a predicted approximate angle ( ' ) was linearly interpolated based on 

the transmural ( 3 ) location of the fibre vector (Figure 3-27). To phase unwrap the angles: 

1) if the difference between the original fibre angle ( ) and the predicted angle ( ' ) was 

greater than +90°, then the angle was phase-unwrapped by subtracting 180° from  ; 2) if 

the difference between the original fibre angle ( ) and the predicted angle ( ' ) was less 

than -90°, then the angle was phase-unwrapped by adding 180° to  .  

 

Figure 3-27: Approximate fibre angle model.  
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This algorithm was applied to each fibre vector embedded in the LVDTMRI model. An 

example of the original and phase-unwrapped fibre angles for a short-axis slice is shown in 

Figure 3-28. The expected fibre vector rotation from -60° on the epicardial surface to +80° 

on the endocardial surface became evident after the correction.  

 

 

Figure 3-28: Comparison of fibre angles before (left) and after (right) phase-unwrapping.  

 

To analyse the effect of phase-unwrapping on the fibres angles, the histograms were 

generated again and shown in Figure 3-29. The fibre vectors with extreme angles, which 

were close to +180° or -180° shown in Figure 3-25, have now been corrected and the 

resultant histograms were normally distributed. The mean fibre angle for each canine data 

set ranged between 0° and 10°, while the individual standard deviations were close to 40°.  
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Figure 3-29: (Top) Distributions and (bottom) mean and standard deviations of the fibre 

angle distributions after phase-unwrapping for all five animals. 

 

3.2.2.7 Fibre Fitting 

 

The phase-unwrapped myofibre angles were incorporated into the geometric model as a 

fibre field using nonlinear FE fitting with tri-cubic Hermite interpolation. Each node 

possessed 1 fibre angle and 7 derivatives. Among the five DTMRI data sets, the total 

number of fibre angles included in the fits ranged from 0.6 to 0.78 million. Once the data 

were embedded in the model, the errors between the interpolated fibre angle and the values 

at each data point was minimised by tuning the nodal fibre angles and derivatives. The RMS 

errors of the fits for all five data sets ranged between 14° and 22° (Table 3-3). By taking 

into account the measurement error (15°) as previously mentioned, these RMS errors were 

in good agreement with other studies that have fitted fields of fibre angles. For example, 
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Nielsen et al. (1991) reported an error of 17° after fitting canine fibre angles, while the fibre 

angles fitted to a porcine model by Stevens (2002) revealed a RMS error of 15°. Further 

refinement of the LVDTMRI model in the 1 and 2 directions only reduced the RMS error 

by 1.3
°
 (0.02 radians) suggesting that the current model resolution was sufficient to 

represent the fibre fields.  

Table 3-3: Summary of RMS errors after fitting fibre angles for all fives animals.  

Animal ID RMS Fitting Error (Radians) RMS Fitting Error (Degrees)

0912 0.37 21.5°

0917 0.32 18.3°
0926 0.28 16.2°
1017 0.27 15.6°
1024 0.25 14.4°  

 

Figure 3-30 illustrates the LVDTMRI-TAG model with the fitted fibre field and shows the 

transmural variation of fibre orientation between the endocardial and epicardial surfaces. 

This fitted fibre field was mapped directly back to the corresponding node in the LVTAG 

model. In summary, ex vivo DTMRI derived myofibre orientation information has now been 

embedded in the LVTAG model for mechanics analysis. The framework designed for 

processing and combining ex vivo DTMRI information with the in vivo tagged MRI 

information is summarised in Figure 3-31.      

 

Figure 3-30: Anterior (left) and posterior (right) views of the LV model superimposed with 

fitted fibre vectors.  



Steps Description Illustration 

Step 1 
Segment LV myocardium from 

DTMRI images 
(Section 3.2.2.1) 

 

Step 2 
Mask out fibre vectors within the LV 

myocardium 
(Section 3.2.2.2)  

Step 3 
Convert fibre locations/vectors to 

the cardiac coordinate system 
(Section 3.2.2.3) 

 

Step 4 

Create LVDTMRI model from the 
LVTAG model for mapping fibre 

information between ex vivo and in 
vivo geometry 

(Section 3.2.2.4) 
 

Step 5 
Calculate fibre angle for each voxel 

of the myocardium 
(Section 3.2.2.5) 

  

Step 6 
Phase unwrap the fibre angles 

(Section 3.2.2.6) 
  

Step 7 

Fit phase unwrapped fibre angles in 

ex vivo (LVDTMRI) model 

(Section 3.2.2.7) 
     

Step  8 
Apply fitted fibre angles to in vivo 

LVTAG model 

       

Figure 3-31: Illustration of the post-imaging processes designed to extract fibre 

orientations from DTMR images and incorporate them into the LVTAG model.   
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3.2.3 Comparison between DTMRI and Auckland Dog Heart (ADH) 

Fibre Orientations  

 

Although the correlation between the DTMRI principal eigenvectors and local fibre 

orientations has been validated using a histological approach on blocks of tissue (Hsu et al., 

1998; Scollan et al., 2000; Gilbert et al., 2009), its performance in simulating ventricular 

mechanics and its use in models to estimate myocardial mechanical properties still remains 

unclear. The empirical studies published so far have concentrated on verifying the capacity 

of DTMRI to accurately represent myofibre structures using small sections of myocardial 

tissue (Hsu et al., 1998, Scollan et al., 2000). For the purpose of studying ventricular 

mechanics, another means of fibre orientation data was used for comparison. This study 

incorporated the fibre orientation data extracted from the Auckland Dog Heart model 

(Nielsen, et al., 1991; LeGrice, et al., 1995), referred to as ADH, using the free-form 

deformation and nonlinear fibre fitting procedures described above. The first comparison 

was to examine the differences between the ADH fibre data and the five DTMRI data sets. 

Differences in the predicted systolic mechanics are discussed in Chapter 6.    

 

Figure 3-32: Colour maps of fibre angles from a mid-ventricular slice extracted from ADH 

study (Nielsen et al., 1991) and DTMRI measurement of Animal 0912. The insets indicate 

the RV insertion areas for the ADH model.   



 

                        3.2 Myocardial fibre orientation 

Page | 72  

 

Scollan et al. (2000) compared fibre angles from a short-axis DTMR image slice of rabbit 

ventricles with a similar slice obtained from ADH measurments. They illustrated similar 

variations throughout the slices, providing evidence that the DTMRI technique could 

successfully reconstruct myofibre orientations. In this study, a similar plot was generated 

from the canine DTMRI and ADH data, from which the angles at a set of evenly spaced 

points were evaluated. Figure 3-32 illustrates colour maps of the ADH (left) and DTMRI 

(right) fibre angles selected from a mid-ventricular short-axis slice. The smooth transmural 

variations are evident in both plots, however, the ADH fibre field contained more 

longitudinally orientated fibres near the surfaces than the DTMRI data.  

To examine the difference in fibre angles between DTMRI and ADH data, histograms of 

angles were generated and further divided into three sub-regions: endocardium (red), mid-

wall (yellow) and epicardium (blue) (Figure 3-33). The DTMRI data were randomly 

decimated so that the total number of fibre angles approximately matched that of the ADH 

case. All five DTMRI fibre angle histograms exhibited similar overall distributions, 

however they were fundamentally different to the ADH distribution. In Figure 3-33, the 

endocardial region (red) of the ADH data appeared to be shifted towards the right, whilst the 

epicardial data (blue) was shifted towards the left compared to the five DTMRI histograms. 

In other words, there appeared to be more steep fibre vectors in the endocardial and 

epicardial regions of the ADH data compare to that of the DTMRI data sets.  

To quantify these differences, it was hypothesed that the distributions of the five DTMRI 

data were similar, but that they were statistically different from the distribution of the ADH 

data. First, the normality of each distribution was tested, and they appeared not to be 

normally distributed. Thus, a series of two-sample Kolmogorov-Smirnov (nonparametric) 

tests on the histograms (320 bins) were performed using the statistical tool R
5
. Significance 

was determined for differences of 0.3% after performing Bonferonni correction since the 

tests involved multiple samples. The test aimed to determine whether or not pairs of 

distributions differed, and since there were 6 data sets, this resulted in 15 tests in total. Only 

the comparisons, which resulted in a p-value smaller than 0.0033 (0.05/15 based on the 

Bonferonni correction), were deemed to be statistically different and these pairs are 

                                                           
5
 http://www.r-project.org/ 
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highlighted in green in Table 3-4. As Table 3-4 indicates, both the overall and regional 

distributions of the ADH data were significantly different from all five DTMRI cases.  

 

 

Figure 3-33: Distributions of fibre angles for the five DTMRI data sets (top five) and for the 

ADH data (bottom). 
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Table 3-4: P-values for Kolmogorov-Smirnov tests on the overall and regional histograms 

(Epi: blue; Mid-Wall: yellow; Endo: red) of the five DTMRI sets and the ADH fibre angles. 

Significantly different pairs are highlighted in green.    

Animal Overall

0917 0926 1017 1024 "Auckland Dog Heart"

0912 0.62 0.05 0.24 1.43E-03 2.34E-14

0917 0.08 0.49 0.08 9.81E-12

0926 0.87 0.62 9.81E-12

1017 0.33 9.81E-12

1024 7.81E-10

Epicardial

0917 0926 1017 1024 "Auckland Dog Heart"

0912 0.69 0.87 0.69 0.04 5.36E-14

0917 0.87 0.69 0.04 3.40E-13

0926 0.99 0.20 1.13E-12

1017 0.04 1.11E-15

1024 6.21E-13

Mid-Wall

0917 0926 1017 1024 "Auckland Dog Heart"

0912 0.56 0.87 0.87 0.82 8.09E-04

0917 0.17 0.50 0.44 1.21E-05

0926 0.24 0.87 2.01E-03

1017 0.63 3.08E-04

1024 1.10E-03

Endocardial

Animal 0917 0926 1017 1024 "Auckland Dog Heart"

0912 0.50 2.01E-03 0.07 2.69E-03 7.79E-05

0917 0.03 0.14 0.10 8.21E-06

0926 0.87 0.76 2.21E-04

1017 0.38 7.79E-05

1024 8.09E-04
 

 

It is worthwhile noting that the choice of 320 bins was arbitrary, and it was shown that the 

larger the number of bins in the distribution, the more differences the Kolmogorov-Smirnov 

test could detect. However, the magnitude of these differences between the DTMRI cases 

(as indicated by the differences in median values shown in Table 3-5) was negligible. 
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Clearly, the median fibre angle for the epicardial third of the ADH LV wall was 

significantly more negative than that for each of the DTMRI cases. Similarly, the median 

endocardial fibre angle for the ADH model was significantly more positive than each of the 

DTMRI cases.  

Table 3-5: Medians of the regional fibre angle histograms for all six data sets.  

Animal Endocardial Mid-Wall Epicardial

0912 42° 10° -22°

0917 42° 10° -16°

0926 33° 4° -26°

1017 38° 8° -23°

1024 38° 5° -24°

Auckland Dog Heart 47° 4° -35°  

 

Reasons for the differences between the DTMRI and ADH data remain unclear at this stage. 

Regardless of the breed of canine involved in each study, it is possible that the state of the 

heart during imaging may have resulted in differences in the fibre orientations. The canine 

hearts used for the DTMRI experiments were all fixed at their end diastolic configurations, 

while the experiments for the ADH data considered the hearts to be at their unloaded states 

(Nielsen et al., 1991). Based on the investigation presented in Appendix C, it was shown 

that the different loading states could not account for the large differences in the DTMRI 

and ADH fibre angle distributions. The question stills remains whether or not the two sets of 

fibre data give rise to different mechanical behaviour. Therefore, both sets of fibre 

orientations were used for systolic mechanics simulations in Chapter 6.  

In order to use ADH fibre data for mechanics simulations, the fibre angles needed to be 

included into the LVTAG models but the differences in the heart geometries prevented 

direct fitting. To overcome this issue, the LVTAG model was fitted to the surface data 

derived from the ADH model, (hereafter referred to as LVAKL model). The fibre angles 

extracted from the original ADH model were then fitted to the LVAKL model and the fitted 

fibre parameters were then mapped directly back to the corresponding nodes in the LVTAG 

model.     
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This concludes the description of the methodology developed to create the LVTAG models 

combining accurate in vivo geometric information and ex vivo microstructural fibre 

orientation data. To set up physiologically realistic mechanics simulations, appropriate 

boundary conditions are required. Chapter 4 presents the displacement boundary conditions 

derived from tagged MR images and the LV internal pressure loading conditions provided 

by the concurrent cavity pressure measurements, and summarises the simulation schemes 

for each phase of the cardiac cycle.  



Chapter 4 Measuring and Modelling 

Ventricular Mechanics 
 

Aspects of this chapter have been published in Wang et al., Lecture Notes in Computer Science 

6364: 194-203, 2010. 

 

The biophysical model presented in this thesis not only integrates accurate geometric and 

structural information of the LV, but it also incorporates individualised boundary and 

loading conditions obtained during the in vivo imaging experiments. The use of 

physiologically realistic boundary constraints is important for generating realistic 

simulations and for the estimation of mechanical properties. LV cavity pressure 

measurements provide one of the key loading conditions when solving cardiac mechanics 

problems. The pressure within the LV cavity varies throughout the whole cycle, but it is 

important to emphasise that the pressure recordings used in this study were temporally 

synchronised with the MR tagging experiments.  

Another key boundary constraint is the in vivo motion of the basal plane. Obtaining this 

information is possible via the MRI tagging. Accurate measurement of the displacement 

field experienced by the myocardium can be used to impose constraints on the basal 

kinematics so that the simulated deformations more closely match the in vivo behaviour. 

Section 4.1 provides a description of the pressure data and the post-recording processing 

involved, while the derivation of displacement boundary conditions from the tagged MRI is 

introduced in section 4.2. Simulating the ventricular motion over the entire cardiac cycle is 

implemented in this thesis primarily based on the work developed by McCulloch (1986) and 

Nash (1998). 

 

4.1 Boundary Constraints 

4.1.1 Pressure boundary conditions 
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Before MRI-safe techniques for recording internal cavity pressure were developed, it was 

common for researchers to estimate the pressure levels at the end stage of each cardiac 

phase based on arterial pressures that could be readily measured (Stevens, 2002). The 

pressure during the intermediate period was simply interpolated linearly, and the 

appropriateness of this estimation remains questionable. While the ventricular motion can 

now be imaged non-invasively with the aid of MRI tagging techniques, recording the 

pressure developed in the ventricular cavities during the cardiac cycle is an invasive 

process. In this study, pressure was measured by inserting an MR-compatible Miller 

transducer into the LV cavity before the tagged MRI data were acquired (Ennis, 2004). LV 

pressure was measured concurrently (i.e. time-locked) with the tagging experiments by 

synchronising the recording with the imaging trigger, as illustrated in Figure 4-1.  

In this study, three sets of pressure measurements were acquired, corresponding to the three 

tagged MRI data acquisitions: short-axis horizontal tagging (SA00), short-axis vertical 

tagging (SA90) and long-axis horizontal tagging (LA00). Upon close inspection of the 

pressure traces, it was noted that not all recordings were useable, due to the fact that the 

pressure recordings were switched on prior to commencement of the actual imaging and 

before the animal reached circulatory homeostasis, thus the recorded pressure traces showed 

significant variations throughout the whole experiment. The signals during the imaging 

period were also contaminated with interference caused by switching of the active gradient 

inside the MR scanner. Consequently, only a section of the data (spanning approximately 40 

cardiac cycles) was extracted from the whole data set for further detailed analysis. Because 

the tagging data from multiple cardiac cycles were averaged to provide the average 

mechanical behaviour, a similar averaging procedure was applied to the associated pressure 

data. During the tagging experiment, the animal was anaesthetised and ventilated, so that 

irregular or excessive respiratory motion, which had the potential to add motion artefact to 

the acquired MR signals, was minimised (Ennis, 2004). The heart was paced at the right 

atrium in such a way that each respiratory cycle (red spikes in Figure 4-1) consisted of three 

cardiac cycles (green spikes in Figure 4-1). In other words, the respiratory rate (40 

beats/min) was set to be one third of the paced cardiac rate (120 beats/min). This type of 

controlled gating scheme significantly improved the imaging efficiency. The tagged images 

were only acquired during the expiration period when the respiratory wave began to descend, 
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which correlated with the second of the three cardiac cycles. Therefore, only the pressure 

trace measured during that particular cycle was selected for image averaging.  

 

Figure 4-1: Illustration of the respiratory-cardiac gated scheme showing right atrial (RA) 

pacing trigger (green), imaging trigger (blue), respiratory trigger (red), LV pressure trace 

(purple) and respiratory wave (yellow). The numbers in the boxes indicates the cardiac 

cycle index, i.e. every respiratory cycle consisted of three cardiac cycles.  

 

When averaging pressure traces recorded at different times, it was important to temporally 

align them before calculating the average because the data could exhibit different latencies 

for certain phases of the cardiac cycle. For pressure traces, the rate of rise (i.e. +dP/dt) was 

considered a suitable common marker to use for temporal alignment. This registration 

process required calculation of the +dP/dt for every trace. The averaging process for these 

particular sets of data was made simple due to the respiratory-cardiac phase-locked imaging 

scheme described above. In this case, the pressure trace selected from a certain number of 

cardiac cycles could be straightforwardly aligned using the image trigger (blue square 

waves in Figure 4-2) at the beginning of each recording. To avoid corruption of the 
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waveform from the scanner‟s active gradient switching, the cardiac cycles for averaging 

were selected after the animals reached homeostasis, but prior to image acquisition.     

 

Figure 4-2: Image triggers (blue) and pressure traces (red) selected from 36 cardiac cycles. 

The green and blue boxes highlight the rise and fall of the pressure traces, respectively.   

 

Figure 4-2 shows example of the pressure traces (red) overlaid with imaging triggers (blue) 

from 36 cardiac cycles. As indicated, the imaging triggers from all selected cardiac cycles 

were perfectly aligned and the upstrokes (+dP/dt: within the green box) and downstrokes (-

dP/dt: blue box) of all pressure traces formed a narrow band (i.e. good alignment, with a 

few exceptions on the descending limb of the trace), suggesting no further registration was 

required. For each image acquisition series, pressure traces from 36 cardiac cycles were 

averaged.  

For Animal 0926, the mean pressure (cyan) waveforms associated with each of the tagged 

data acquisitions (SA00: green; SA90: red; LA00: blue) were found to be clearly different 

from one another (Figure 4-3). The three mean traces exhibited not only different starting 

points for the pressure rise and fall (i.e. onset of IVC and IVR respectively), but also 

different peak systolic pressures. With the image frames (yellow bars) plotted on the same 

figure, it became evident that the frame numbers corresponding to the start of IVC were not 
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the same among the three traces. While the pressure slope between the three traces may not 

have varied significantly, such differences in the latencies and peak pressures were not 

expected. To obtain a reliable average measurement of the cavity pressure, these three 

pressure traces needed to be averaged once more. Without any temporal realignment, the 

resultant pressure wave showed a diminished slope. This unexpected temporal shift and 

magnitude reduction may indicate a physiological deterioration of the animal during the 

experiment, but was not evident for the other four animals. Plots of the average pressure 

traces for all five animals are provided in Appendix D. Averaging of the LV pressures over 

the cardiac cycle allowed the pressure at any time point of the cycle to be identified and, 

therefore, ensured that the loading conditions applied to the mechanics problem were 

physiologically reliable when simulating ventricular motion. A summary of the LV 

endocardial cavity pressures at the end of each cardiac phase for all animals is provided in 

Table 4-1.  

 

Figure 4-3: Average pressure trace for each of the three data acquisitions with 

corresponding image frames and the final average of the three mean pressure traces.  
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Table 4-1: Summary of LV endocardial cavity pressures at the end of each cardiac phase 

for all five animals. IVC: isovolumic contraction; IVR: isovolumic relaxation; RF: rapid 

filling. The endocardial cavity pressure at the end of RF was not used in the mechanics 

simulations, but it was useful to know the cavity pressure at that time point.   

Reference End Diastole End of IVC End Systole End of IVR End of RF

0912 0.5 kPa 6.0 kPa 11.6 kPa 10.8 kPa 2.2 kPa 0.4 kPa

0917 0 kPa 0.8 kPa 9.9 kPa 12.2 kPa 1.3 kPa 0 kPa

0926 0.4 kPa 1.3 kPa 10.6 kPa 9.9 kPa 0.4 kPa 0.3 kPa

1017 0.3 kPa 1.5 kPa 10.2 kPa 9.1kPa 1.7 kPa 0.3 kPa

1024 0.68 kPa 2.2 kPa 10.8 kPa 10.1 kPa 1.3 kPa 0.61 kPa  

 

4.1.2 Displacement boundary constraints 

 

Kinematic constraints are also a key component when simulating cardiac mechanics. This 

important factor is generally not well incorporated in many of the earlier ventricular 

mechanics models due to a lack of data. The relatively high-resolution (both temporally and 

spatially) tagged MRI data used in this thesis allowed quantification of the ventricular basal 

motion throughout the entire cardiac cycle. Because the model was represented by an 

ensemble of elements connected by FE nodes, all displacement constraints were applied to 

the relevant nodes.  

Figure 4-4 demonstrates the movement of the basal plane (yellow bar) and epicardial apex 

(red bar) from the end of IVR to the reference state (diastasis), from the reference state to 

end diastole, then from the end of IVC to end systole. Note that because the animals were 

subjected to right atrial pacing during the MRI tagging experiments, the first few image 

frames correlated approximately with the late-filling phase. Consequently, the reference 

frame, at which the LV was assumed to be in its most unloaded state, was identified to be 

near the end of each imaging cycle between the end of IVR and end diastole.  

As Figure 4-4 shows, the position of the apex did not vary markedly throughout the cycle, 

whereas the basal plane of the LV experienced significant relative motion. For example, an 

upward motion of the basal plane (away from the apex) can be seen in Figure 4-4 during the 

rapid filling (rapid recoil) phase between the end of IVR and diastasis. The most convenient 
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way to mimic this motion was to prescribe the displacement of the basal plane in the model 

to match the data from the MR images. This kind of detailed boundary constraint has not 

been implemented in mechanics models developed to-date. With the aid of the tag lines, the 

upward displacement was quantified so that accurate displacements could be applied to the 

basal nodes of the LV model. The displacement field of the 3D material points derived from 

the tagged images also exhibited regional variations in the basal-plane motion, i.e. different 

parts of the base displaced by different amounts. Therefore, each node of the base was 

prescribed a different displacement constraint according to the in vivo measurements. 

 

Figure 4-4: Illustration of basal plane (yellow bar) and epicardial apex (red bar) motion 

tracked from the two-chamber long-axis images of one Beagle (0912) at the start of rapid 

filling (also referred to as end IVR), reference state, end diastolic state, end IVC and end-

systolic states.  

Following passive dilation and upon myocardial activation, the LV began to contract whilst 

maintaining its end diastolic cavity volume. Consequently, the LV endocardial cavity 
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pressure rose rapidly whilst both the mitral and tricuspid valves remained closed. Analysis 

of the material points‟ displacement during IVC indicated that the base displaced 

downwards towards the apex by a small amount. Sengupta et al. (2006) revealed in a tissue 

Doppler imaging study with a temporal resolution of < 4ms that a small amount of 

longitudinal shortening between the base and apex (i.e. apex moves towards the base) 

occurred at the early stage of IVC. This is followed by a transient lengthening of the LV 

with respect to the base, then a shortening again as the LV progresses to the ejection phase. 

This transient motion was not observed in the present experimental data, possibly due to the 

decreased temporal fidelity (8ms between frames). As the LV contracts during ejection, the 

LV basal plane continues to descend along the long axis towards the apex. The specific 

kinematic constraints imposed at the boundaries of each model were derived from their 

individual MR tagging data.  

While assigning displacements at both the epicardial and endocardial basal nodes may 

guarantee that the motion matches the images in those regions, the mechanics problem can 

become over-constrained. Therefore, several tests were done to explore the suitability of 

various basal constraint scenarios. Such tests included prescribing displacement and fixing 

in-plane derivatives of: 1) the epicardial basal nodes only; 2) the endocardial basal nodes 

only; 3) all basal nodes, as illustrated at the top of Figure 4-5. For each of the scenarios, the 

mechanics for a full ventricular cycle was simulated to determine whether or not the 

solutions were stable and whether the resulting deformation was physiologically reasonable. 

Satisfactory results were obtained for both cases 1 and 3, whereas the simulation failed 

during IVC for case 2 due to inverted element faces at the base. A possible explanation for 

this is that both displacement constraints and pressure loads were applied to the endocardial 

basal nodes and these two sets of constraints may compete against each other, resulting in 

unstable solutions. This, however, was not the case when constraining the epicardial basal 

nodes because they were not subjected to any external pressure loading conditions. 

Consequently, it was decided that case 1 (fixing epicardial nodes only) was the most 

appropriate boundary condition to use for the basal plane.  

Because the model developed in this thesis only represented the LV, absence of other 

anatomic structures, such as the RV, cardiac valves, atria, pericardium and chordae 

tendineae, may have imposed challenges in predicting physiologically realistic ventricular 
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motion. Accounting for all of these structures using explicit anatomical modelling was 

beyond the scope of this thesis, however, incorporation of the papillary muscles (PMs) into 

this integrative model was investigated. A detailed description of the creation of geometric 

models of the PMs is provided in Appendix E.  

Rather than explicitly modeling the other structural components, attention was given to 

applying appropriate boundary constraints in an attempt to mimic the presence of these 

anatomical features. For example, to mimic the presence of the stiff AV valve plane, all in-

plane derivatives (S1, S3 and S1-S3) of the epicardial basal nodes were fixed so that the basal 

plane remained planar during the ventricular cycle. This also resulted in more stable 

numerical simulations. At the apex, whilst the positions of the endocardial and epicardial 

nodes were not constrained, the circumferential (S1) derivatives were fixed due to collapsing 

of the S1 coordinate at the apical nodes. To summarise the boundary conditions applied to 

the model (illustrated at the bottom of Figure 4-5), the displacements and the in-plane 

derivatives of the epicardial basal nodes were fixed throughout the cardiac cycle, while the 

endocardial basal nodes and location of the apex were unconstrained.  

 

Figure 4-5: Tests for determining appropriate basal plane boundary conditions. See text for 

explanation.  
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This concludes the description of the boundary conditions applied to the LV mechanics 

model. The next section introduces the constitutive relations and a scheme for simulating 

LV passive and active mechanics, while the last section focuses on evaluating the accuracy 

and efficiency of the LV mechanics models.  

 

4.2 Modelling ventricular mechanics 

 

The cardiac cycle can be divided into two main phases: passive mechanics, which focuses 

on diastolic inflation; and active contractile mechanics, which covers the IVC, ejection and 

IVR phases. The constitutive equation used to model the passive stress-strain relationship 

was introduced in Section 2.3.3. This section concentrates on describing the frameworks 

designed to simulate each phase of the cycle and the equations for modeling the active 

contractile stresses. Note that the FE modelling code used in this thesis was validated 

against an analytic solution for pressure inflation, axial torsion and elongation of a thick-

walled isotropic cylinder by Nash (1998).   

 

Figure 4-6: LV wall (gold lines) and cavity (green lines) meshes with shared nodes colored 

in red and internal cavity nodes coloured in blue.  

Evaluating the volume of the LV cavity throughout the cardiac cycle was used for 

monitoring the EF, but also to enforce the isovolumic constraints applied during the IVC 

and IVR phases, which involved comparing the LV cavity volume to the end diastolic and 

end-systolic volumes, respectively. In this study, a separate mesh that occupied the cavity of 
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the LV FE model was created to determine cavity volume information at each loading step 

(Figure 4-6). For simplicity, the design of the cavity mesh did not take the papillary muscles 

into account, therefore the LV volume calculation may have been slightly overestimated. 

Because the endocardial surface nodes (red) of the LV wall mesh were shared with the 

cavity mesh, these nodal positions needed to be updated after each loading step. The centre 

nodes (blue) of the cavity mesh were fixed so that they stayed in the same position through 

the whole cycle.  

 

4.2.1 Passive Inflation 

 

The diastolic LV inflation phase spans the period during which the cardiac muscle fibres are 

passively stretched due to the blood flow into the LV. The term „passive‟ refers to 

inactivated fibres and a transversely-isotropic exponential constitutive equation shown in 

Eq. 2.14 was used to model the passive stress-strain behaviour of the ventricular 

myocardium (Guccione et al., 1991). The diastolic phase can be broken down into three 

stages: rapid-filling driven by the rapid blood inflow from LA to LV due to rapid recoil of 

the muscle; diastasis (a period of little mechanical consequence); and slow-filling as a result 

of LA contraction. The time points for these sub-stages during diastole are not well defined. 

However, the software (CIM) used in this research to create guide-point models produces 

traces of LV cavity volume and wall mass as a function of time for the entire cycle (Young 

et al., 1995, 1999, Li et al., 2008).  

The time-volume curve (green curve), shown in Figure 4-7, revealed a steep rise in the LV 

cavity volume during the rapid-filling phase followed by a much slower rise corresponding 

to the diastasis and slow filling phases. The reference model used here was chosen to 

correlate with diastasis, during which the myofibres are considered to be neither stretched 

nor contracted to any significant degree. Passive inflation simulations were initiated by 

inflating the reference model to the recorded end diastolic pressure. This pressure load was 

applied to the endocardial surface of the model as a pressure boundary constraint in 

incremental steps of 0.1 kPa. This incremental loading scheme was implemented to ensure 

stable convergence of the nonlinear equations governing the simulation. 
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Figure 4-7: Plots of cavity volume (green) and wall mass (yellow) as a function of time 

during one cardiac cycle produced by CIM. Diastolic filling is divided into the rapid filling 

and slow filling phases.   

 

4.2.2 Active Contraction 

 

Contraction of the heart is driven by activation of myocytes initiated by an electrical wave 

propagating through the heart. The contractile stress generated by the myocytes was 

combined with the passive stress-strain relation (Eq. 2.11) to simulate the contractile phases 

of the cardiac cycle, including IVC, ejection and IVR. By assuming contractile tension is 

only generated along the axes of the myocytes, Eq. 2.13 can be rewritten in the following 

form: 
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where aT  is the active stress generated by the myocytes. In this study, a steady-state active 

tension model developed by Hunter et al. (1998) was used to evaluate the active stress field:   

    )1(1),(   CaCaa TTT    (4.2)  

where TCa is the time-varying calcium-dependent tension at resting sarcomere length, which 

is modified by a linear function of the sarcomere extension ratio (λ), where the constant β = 

1.45 (Hunter et al., 1998). For this study, it was initially assumed that the value of TCa was 

distributed homogeneously throughout the LV, but the contractile stress developed by the 

myocardium showed regional variations because of the heterogeneous distribution of fibre 

extension ratios during the cycle.  

 

Isovolumic Contraction (IVC) 

 

To evaluate the active tension required to drive muscle contraction from IVC, through 

ejection to IVR, the recorded LV cavity pressure and volume were utilised (see Figure 4-8). 

By applying the recorded pressure to the endocardial surface, the calcium-dependent 

tension, TCa, could be determined by matching the model-simulated cavity volume to that 

estimated from the tagged MR images.      

The value of TCa remained at zero during inflation, and was increased following the end of 

diastolic filling to simulate the effect of the release of calcium from the intracellular SR. 

The cavity volume during this phase was maintained at its end diastolic level by iteratively 

altering the pressure applied to the LV endocardial surface at each tension step. More 

specifically, following each activation increment, myofibres contracted in response to the 

elevated active tension and if the cavity volume reduced below the end diastolic cavity 

volume, the endocardial cavity pressure was incremented until the difference between the 

simulated and recorded volumes was less than 1%. Conversely, if the cavity volume was 

larger than the end diastolic cavity volume, the endocardial cavity pressure load was 

reduced until the difference between the two volumes fell below 1%. The end of IVC was 

marked when the endocardial pressure first exceeded the LV afterload, which was obtained 

from the concurrent pressure recordings.  
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Figure 4-8: LV pressure-volume loop derived from the concurrent in vivo pressure 

recording and tagged MR images (Animal 0926). 

 

Ejection 

 

Once the afterload is reached, the pressure gradient between the LV and aorta forces the 

aortic valve to open, allowing the LV to eject the blood out of the lumen. Most of the LV 

deformation occurs during this phase with a significant descent of the base towards the 

relatively stationary apex, and a radially inward movement of the endocardial surface 

towards the centre of the cavity as blood is pumped out of the LV. As the LV empties, the 

cavity pressure shows minor fluctuations (Figure 4-8). The difference in the amount of 

shortening between the endocardial and epicardial myofibres also induces a twist of the LV 

about its long axis. To analyse this motion using the LV model, the ejection phase was 

divided into a number of epochs based on the number of image frames acquired in the 

tagged MRI experiment during this phase. For each time point, the LV cavity pressure was 

set to the recorded value, and TCa was iteratively altered until the cavity volume matched (to 

within 0.5%) the volume estimated from the tagged MRI images. To achieve reasonable 

computational times, a maximum of five iterations was permitted at each active tension step, 
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to account for the case when the cavity volume had converged but not matched the desired 

volume. 

The tracked cavity volume (Vtracked) from the MRI and simulated cavity volume (Vmodel) 

from the FE model are plotted in Figure 4-9 together with the estimated value of TCa at each 

time point during contraction. The simulated end systolic cavity volume was slightly greater 

than that estimated from the tagged MRI data at end systole. This indicated that the 

estimated active tension did not provide sufficient contraction to reach the recorded end-

systolic volume. Therefore, these estimates were further refined using non-linear 

optimisation to match regional deformations derived from the tagged MRI in Chapter 6. 

 

Isovolumic Relaxation (IVR) 

 

End systole marked the onset of IVR, during which the activation TCa was iteratively 

reduced to simulate the myocardial response to calcium sequestration by the SR. This led to 

an increase in cavity volume as the LV relaxed. Therefore, the cavity pressure was reduced 

progressively to maintain a constant cavity volume during IVR. Although the FE-predicted 

cavity volume remained constant throughout this phase, it still did not match the tracked 

cavity volume due to the discrepancy at end systole. It is important to note that the predicted 

activation at the end of IVR had not returned to zero. Instead, it returned to zero during the 

rapid-recoil phase and stayed at zero during the rest of the filling stage before rising again 

for the next cardiac contraction. The time-varying estimate of active tension throughout the 

whole cardiac cycle is illustrated in Figure 4-9.  
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Figure 4-9: Estimated value of TCa (blue diamonds) and the model-predicted cavity volume 

(green triangles) versus tracked cavity volume (red squares) during the heart cycle. ED: 

end diastole; IVC: isovolumic contraction; ES: end systole ; IVR: isovolumic relaxation. 

 

4.3 Convergence Analysis of the LV Mechanics Model 

 

Having developed a modelling framework for simulating ventricular mechanics, it was 

important to perform a solution convergence analysis regarding the accuracy of the 

mechanics predictions. Given that analytic solutions for this kind of anisotropic mechanics 

problem are not available, the difference in the predicted solutions between models of 

differing spatial resolutions was considered as an indicative metric of numerical 

convergence. This step can be thought of as a way to test the sensitivity of the mechanics 

solutions to the model resolution. A solution converged mechanics model corresponds to the 

mesh for which further refinement results in no difference in the predicted deformations. 

Conventionally, researchers handle this type of analysis by examining the relationship 

between the error in the solutions and the number of degrees of freedom (DOF) (Bradley 

1998; Röhrle et al., 2008). In this case, the error represented the difference in predicted 
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solutions between each model refinement and the unrefined model. For a well behaved 

model, the error monotonically decreases as the number of DOFs increases. 

The appropriate choice of the error metric used to determine numerical convergence of the 

model is dependent on the type of problem. For this study, the material parameters were 

estimated to optimally match the displacements of in vivo material points at end systole. 

Thus two measurements were chosen to be the model convergence metrics based on the 

predicted positions of a set of evenly spaced 3D material points: 1) the RMS difference 

between refined and unrefined solutions, and 2) the relative RMS difference (or normalised 

squared difference) between refined and unrefined solutions. To create these material points, 

a grid of data points (Figure 4-10: blue) was overlaid with the reference model and the 

points outside of the model were discarded from the analysis. The remaining material points 

(Figure 4-10: red) were firstly embedded in the undeformed model, and their positions 

through passive inflation, IVC and ejection were tracked as the model deformed. Note that 

these material points were not the same points used for material parameters estimation.  

 

Figure 4-10: Illustration of a set of 3D material points whose end-systolic coordinates were 

used as a metric for solution convergence analysis. Small dots (blue) were excluded from 

the analysis, while larger spheres (red) were used to compare solutions between meshes of 

different spatial resolutions. 
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The first metric quantified the RMS difference in predicted coordinates of the material 

points at end systole while the second metric scaled the RMS difference with respect to the 

overall deformation (Bradley, 1998). The RMS difference in the predicted material points 

coordinates between refined and unrefined models is defined as: 
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n

ESx ,Refined

 is the end-systolic coordinates of the n
th

 material point predicted by the 

refined model and  
n
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 is the coordinates of the same material point computed by the 

unrefined model. The RMS difference between the two predictions indicated how much 

change was introduced to the mechanics solutions by refining the model. The relative RMS 

error normalised the RMS difference with respect to overall deformation from the reference 

to the end-systolic states:  
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The refinement scheme was designed in such a way that the model firstly went through a 

level-1 refinement, whereby the model was refined once along each of the FE coordinates 

(Figure 4-11). After embedding the same set of material points in all models, their positions 

were tracked to end systole , and the two error measurements were calculated for all cases. 

As the results in Figure 4-11 show, the RMS error between each of the refined models and 

the unrefined model ranged from 0.48mm to 0.56mm. The relative RMS difference between 

the refined and unrefined models varied from approximately 2% to 6% for the level-1 

refinements. Based on these rather small differences and to maintain computational 

efficiency for the parameter estimation process, it was concluded that the original 

(unrefined) model was sufficiently solution converged for the purposes of this study. Given 

that the images for all five animals were acquired under the same conditions (with similar 

imaging parameters), and the FE models for each animal were also constructed using the 

same method, it was assumed that the convergence analysis results obtained here applied to 

all animals.  
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Refine Refine Refine 

Model

RMS Error 0.54mm 0.56mm 0.48mm

Relative RMS 
Error

0.059 0.041 0.017

1 2 3

 

Figure 4-11: Model refinement scheme. The original model (unrefined) was refined once 

along each of the FE coordinates (ξ1, ξ2, ξ3). 

 

To summarise, LV mechanics models incorporating subject-specific geometric and 

structural information have been developed. The remainder of this thesis focuses on using 

these models to estimate the mechanical properties of the passive and active contracting 

ventricular myocardium.   

 



     

Chapter 5 Estimating In Vivo 

Ventricular Passive Material 

Properties 
 

Aspects of this chapter have been published in Wang et al., Lecture Notes in Computer Science 

5242: 814-821, 2008; and Wang et al., Medical Image Analysis 13: 773-784, 2009. 

 

Given that many patients suffering from HF exhibit diastolic dysfunction, passive muscle 

stiffness has been the focus of much research on cardiac mechanics. Quantifying subject-

specific passive properties may not only be indicative of the passive function of the heart, 

but may also provide an indication of the contractile performance due to the Frank-Starling 

effect whereby the amount of stretch myofibres experience during inflation modulates the 

contractile force they can generate. Moreover, the changes in passive myocardial properties 

may also modulate the active process of ventricular relaxation (Moulton et al., 1996), which 

in turn can give rise to compromised diastolic filling.  

This chapter firstly provides an overview of previous studies on myocardial parameter 

estimation, and then presents the method for estimating subject-specific in vivo passive 

mechanical properties by matching the deformations predicted using the LV mechanics 

model described in Chapter 4 with the tracked myocardial motion described in Chapter 3.   

 

5.1 Previous Studies 

 

Previous attempts to characterise the material properties of the myocardium started with 

deducing values from the end diastolic pressure-volume relation and information on 

regional wall geometry (Rankin et al., 1977). Whilst the pressure-volume relationship 

provides derivation of global compliance of the ventricle, it does not offer insight into the 
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anisotropic mechanical behaviour of the myocardium. Demer and Yin (1983) performed in 

vitro uni-axial and bi-axial tissue testing that involved orthogonal loading of thick 

rectangular tissue slices cut parallel to the epicardial surface. After performing bi-axial 

tension tests on the samples, Demer and Yin (1983) concluded that resting myocardium can 

be modelled as a nonlinear anisotropic hyperelastic material. However, such tests failed to 

describe the 3D in vivo constitutive properties of the heart, and the effects of tissue 

disruption (as a result of sectioning samples for uni-axial or bi-axial tests) are not well 

understood (Costa et al., 2001). 

Estimation of material properties requires a kinetic or traction measure, such as stress, and a 

kinematic measure, such as strain. The latter can be directly measured with the aid of MR 

imaging techniques, but the stress field can only be predicted by a reliable computational 

model. Guccione et al. (1991) introduced an inverse modelling approach in cardiac 

biomechanics to identify constitutive parameters of a transversely-isotropic material relation, 

by analysing the inflation, stretch and twist of a thick-walled cylinder representative of the 

equatorial region of a canine LV. The passive material parameters were quantified by 

matching epicardial strains measured in isolated, arrested canine hearts to simulated strains 

predicted by a model subject to the measured loading conditions. Although modelling the 

mechanical behaviour was made possible using this framework, myocardial motion captured 

using such a preparation and simplified models may not be representative of the in vivo 

passive mechanics.   

Omens et al. (1993) implemented a similar approach whereby passive material properties of 

isolated arrested rat and dog hearts were tuned to create a best match between the two-

dimensional strains measured using a triangular array of piezoelectric crystals. The model 

again focused on the equatorial region of the LV, which was modelled as an incompressible, 

homogeneous thick-walled cylinder. The passive mechanical response was modelled using a 

transversely-isotropic constitutive equation. Even though a simple single-element model 

was used in the analysis and the piezoelectric crystals only allowed measurement of two-

dimensional strains at the mid-wall, the estimated material properties demonstrated that the 

stiffness along the fibre direction was greater than that in the cross-fibre direction for both 

species.  
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To this point, the material parameters determined in the studies described above were all 

estimated from a portion of the LV (i.e. the equatorial region) using simple mathematical 

models. Moreover, the strains were mostly measured from isolated arrested hearts and not 

all parameters could be well defined if the strains were limited to two-dimensional 

recordings. Therefore, it is difficult to relate these mechanical properties to 3D in vivo 

scenarios. Three-dimensional measurement of the in vivo cardiac motion can now be 

obtained using MRI tagging techniques, and the use of these data will potentially provide 

more reliable representations of the in vivo mechanical properties of the heart.  

Moulton et al. (1996) developed a framework to use 2D diastolic strain measured from 

tagged MR images along with FE analysis (FEA) to identify passive material properties. 

The constitutive relation used to model passive myocardium was in the form of an isotropic 

function defined in terms of exponential and linear strain energy terms. Two material 

parameters were reported in this study: the elastic modulus and Poisson’s ratio. The passive 

stress-strain relationship predicted using their FE model, which consisted of 16 to 21 2-D 

quadrilateral elements, exhibited a steeper slope at higher strains. Because the constitutive 

equation used in this study differs from the transversely-isotropic material relation 

investigated in other studies (Guccione et al., 1991; Omens et al., 1993), the parameters 

could not be directly compared. It has been well established that the myocardium exhibits 

nonlinear hyperelastic behaviour, thus the use of linear elasticity theory in this study was not 

appropriate. Although the strain measurements were obtained in vivo, the through-plane 

motion was not captured in this study.  

Okamoto et al. (2000) designed an experiment that involved epicardial suction in an attempt 

to include more complex regional deformation (e.g. transverse shear) to identify parameters 

in the transversely-isotropic constitutive relation by comparing the measured and predicted 

myocardial deformations at different suction pressures. This study concluded that the 

epicardium plays an important role in passive mechanics and exhibits isotropic material 

behaviour as opposed to transversely-isotropic properties. Because the epicardial suction 

technique put more emphasis on generating the appropriate transverse shear (which was not 

achieved using biaxial tests), deformations along the other axes may not have been well 

captured.  
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Walker et al. (2004) proposed an integrative FE model-based approach to estimate passive 

stiffness and maximum isometric tension in sheep with LV aneurysms by matching FE 

predicted three-dimensional strain fields with measurements from tagged MRI. Their 

estimation process started with independently scaling the passive stiffness parameter by 

matching the end diastolic cavity volume, and maximum isometric tension by matching the 

end systolic cavity volume. Then, only the parameters corresponding to the largest root-

mean-squared (RMS) error in strain components were scaled to match measured strains 

from tagged MRI. The parameters obtained via such an approach may constitute a 

reasonable representation of the myocardial behaviour, however, the strain field only 

reflects the relative deformation of the heart. Therefore, the material properties that best 

match with the strain do not necessarily best match the actual deformation. 

Augenstein et al. (2005, 2006) proposed another FE model based approach to investigate 

deformation and stress given the loading and boundary conditions acting on the isolated 

arrested heart during passive inflation. In this experiment, a computer controlled stepper 

motor driven pump was used to cyclically inflate the LV. With the myocardial fibre 

information obtained from DTMRI and 3D deformation fields constructed from the tagged 

MRI, material parameters of the same transversely-isotropic constitutive relation used in 

Walker et al. (2004) were estimated by matching these observed deformations with the FE 

model predictions for the same heart. This modelling approach also suffered similar 

drawbacks to Guccione et al. (1991) since not all modes of the heart deformation were 

captured due to the limited deformation occurring under passive loading. As a result, some 

of their identified material properties may have been under-constrained (Augenstein et al., 

2005, 2006). 

Fleureau et al. (2009) identified passive stiffness (Young‟s modulus) of a HF patient using a 

subject-specific geometric model constructed from Multi-Spiral CT (MSCT) images and the 

parameters were estimated by reproducing the echocardiographic radial displacement 

signals. This model allowed them to investigate the sensitivities of the pressure-volume loop 

of the whole cardiac cycle to changes in geometry or Young‟s modulus. They also pointed 

out that integrating FE models with clinical data to identify mechanical properties is 

important to understand cardiac function/dysfunction.  
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Recently, Xi et al. (2011) proposed an automatic workflow, that integrated clinical cine and 

3D tagged MR images as well as LV cavity pressure recordings, to determine passive 

myocardial constitutive parameters of one healthy and two HF human LVs. This study also 

adopted a transversely-isotropic (Guccione et al., 1991) material relation to model passive 

LV behaviour. However, the parameters were only customised to match the movement of 

free-wall region.   

One aim of this thesis was to use the FE modelling framework to estimate in vivo passive 

material properties of canine LVs using the in vivo tagging and concurrent pressure 

recordings with ex vivo DTMRI data of the same hearts (Ennis, 2004). The parameter 

estimation was made possible by comparing the FE simulated LV deformation with that 

tracked using the tagged MR images. Unlike the approach used by Walker et al. (2004), the 

parameters were obtained using nonlinear optimisation to minimise the differences in 

displacements of a set of 3D material points, between the FE model prediction and the 

tagged MR images.  

 

5.2 Parameter Estimation 

5.2.1 Optimisation procedures 

 

In order to use displacement information to determine the material parameters, the material 

points generated from the tagged MR images (described in Section 3.1.3) were firstly 

embedded into the reference (unloaded) LVTAG model so that every material point was 

assigned local FE material coordinates, thereby allowing their global coordinates to be 

updated as the model deformed. At the end of passive inflation, the predicted coordinates 

were compared against those tracked from the tagged MR images. The difference between 

the two set of points was used to construct an objective function for tuning the mechanical 

parameters. To obtain the model predicted coordinates at ED, the LVTAG model was 

passively inflated by applying the pressure difference between the reference and ED states 

to the endocardial surface until the recorded preload was reached. Figure 5-1 illustrates the 

LV pressure recorded over two cardiac cycles and the inset shows the pressure during 

diastolic filling for Animal 0926.  
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Figure 5-1: (Above) LV cavity pressure recording (green) overlaid with imaging trigger 

(blue), RA pacing signal (red) for 2 cardiac cycles for Animal 0926. (Below) Pressure trace 

overlaid with the corresponding image frame time points (yellow) from start of diastolic 

inflation (frame 55) following the first cardiac cycle to end diastole (frame 4) in cardiac 

cycle 2.  

In this study, the transversely isotropic exponential constitutive relation (Guccione et al., 

1991) was used to model the passive material behavior. Reaching the recorded preload 

marked the end of diastolic filling. The material points‟ coordinates were then recomputed 

according to their local FE material coordinates and the deformed nodal parameters. The 

sum of squared Euclidean distances (Eq. 5.1) between the predicted and tracked coordinates 

from in vivo images was defined as the objective function (F) during nonlinear optimisation.  
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where ipipip zyx ,,, ,,  are the coordinates of the i
th

 material point at ED predicted by the FE 

model whereas ititit zyx ,,, ,,  are the coordinates tracked from the tagged MR images at ED. 
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After constructing the objective function, the parameters were tuned to minimise F. Figure 

5-2 summarises the parameter estimation procedure. For each new estimate of the 

parameters, the passive inflation phase was re-solved, and the optimisation was terminated 

either when the changes in estimated parameters fell below a specified tolerance (i.e. 

changes were insignificant to cause any changes in objective function), or when the 

predicted material points‟ positions sufficiently matched those tracked from the tagged MR 

images. Note that the optimisation procedure described above has been previously validated 

by Augenstein et al. (2005) using MRI tagging during pressure inflation of a thick-walled 

cylindrical gel phantom, for which an analytic solution also exists.  

 

Figure 5-2: Constitutive parameter identification procedure. 

The preload for each of the animals along with the RMS displacements at ED (with respect 

to the unloaded reference state) are listed in Table 5-1.   
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Table 5-1: Summary of the preloads and RMS displacements during passive inflation for all 

five animals.   

Animal Preload (kPa) RMS Displacement (mm)

0912 0.70 2.05

0917 0.62 1.43

0926 1.00 1.50

1017 0.60 2.06

1024 0.20 0.57  

 

5.2.2 Optimisation techniques 

 

The optimisation step was executed using the non-linear least-squares (lsqnonlin) algorithm 

in the Optimisation Toolbox of Matlab
6
. Because Matlab was not equipped to solve FE 

mechanics problems, evaluation of objective function was completed by solving the 

mechanics models in CMISS. The optimiser minimised the sum of squares objective 

function (Eq. 5.1) subject to box constraints (i.e. upper and lower bounds) on all parameters. 

The lower bounds of all four parameters were set to be 0.1 and the upper bound of C1 was 

chosen to be 10 kPa whilst those for C2 – C4 were set to be 60 kPa.  

To solve the optimisation problem, a trust-region-reflective algorithm, a subspace of trust-

region method, was used. Detailed description of this algorithm can be found in (Nocedal 

and Wright, 2006) and a brief summary is provided as follows. Starting from the initial 

guess (C) for each parameter, a neighbourhood (N), considered as the trust region, was 

chosen around the current parameter and the objective function (F) was approximated with a 

simpler function around N. By minimising this simpler function, a new step (s) was 

determined over this region. After passing the new parameter (C’=C+s) into CMISS, the 

mechanics solutions and objective function were updated. If the new function evaluation 

(F’) at this new parameter (C’=C+s) was smaller than (F), then C’ became an improved 

estimate around which a new neighbourhood and new step could be formed. Conversely, the 

size of the neighbourhood needed to be reduced to search for a new step. These steps are 

                                                           
6
 Matlab Version 2010b, The MathWorks, Inc., USA: http://www.mathworks.com 
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repeated until the gradient of the objective function or the step changes in parameters drop 

below the pre-set tolerances. At each iteration, the current solution requires n+1 function 

evaluations, where n is the total number of parameters being optimised.  

To assess the optimisation results, the RMSE (Eq. 5.2) was also calculated to assess how 

well the predicted motion matched the recorded motion.  

N

F
RSME        (5.2) 

To facilitate interpretation of the optimal solutions, criteria associated with the 

identifiability of these parameters were inspected. These criteria are related to the Hessian 

matrix, which defines the curvature of the objective function in the neighborhood of the 

optimal parameters. Many studies on biological tissue parameter estimation (Nathanson and 

Saidel, 1985; Lanir et al., 1996; Schmid et al., 2006; Babarenda Gamage et al., 2011) have 

investigated the shape of the objective function over a multi-dimensional space (i.e. 

multiple-parameter space) using three standard measures: D-optimality (determinant of the 

Hessian matrix), condition number of the Hessian (ratio between the smallest and largest 

eigenvalues of the Hessian matrix) and M-optimality (determinant of the scaled Hessian 

matrix). In this study, the Hessian (H) and the scaled Hessian matrices (H0) (Eq. 5.3) were 

evaluated using the optimal parameters in order to study the above three criteria. The 

diagonal terms of the Hessian matrix indicate the influence of each parameter on the 

objective function whereas the off-diagnoal terms of the scaled Hessian matrix can be used 

to understand the interactions (coupling) between the parameters. The determinants of H 

and H0, and the condition number of H each represent a certain feature of the shape of the 

parameter space. Whilst each feature can be analysed independently, all three measures 

need to be considered to gain better understanding of the optimal solutions.   

jjii
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H
H
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,
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The determinant of the H matrix indicates the variance exhibited by the parameters, i.e. the 

smaller the determinant, the larger the variance can be found in the estimated parameters 

(Schmid et al., 2006; Babarenda Gamage et al., 2011). A large variance can also indicate a 

difficulty in identifying unique solutions. The space spanned by the parameters can be 
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considered as a hyper-ellipsoid, the dimensions of which are based on the number of 

parameters involved in the optimisation. The condition number of H reflects the eccentricity 

of the hyper-ellipsoid and is calculated by taking the ratio of smallest and largest 

eigenvalues of the H matrix (this is the inverse of the condition number defined in 

Nathanson and Saidel (1985)), so that the range of this number is between 0 and 1 

(Babarenda Gamage et al., 2011). Information on the correlation between the parameters 

can be extracted from the off-diagonal terms of the scaled H0 matrix. The determinant of 

0H  provides an overall indication of the interactions between the parameters. A value of 1 

suggests no correlation as the off-diagonal terms are insignificant compared to the diagonal 

terms. Conversely, a small value indicates a strong coupling between the parameters and 

some relationship (such as the ratio of the parameters) may become more meaningful than 

the absolute values for each individual parameter.       

5.3 Results 

 

A number of studies on estimating material parameters have investigated the relationship 

between the myocardial mechanical properties due to the nonlinear nature of the behaviour. 

For example, Omens et al. (1993) reported coupling between the two parameters governing 

the myofibre stiffnesses in the fibre (C2) and cross-fibre (C3) directions. Therefore, instead 

of estimating the absolute values for those two parameters, their ratio was optimised. 

Remme et al. (2004) used a FE model to determine the passive material parameters using 

the pole-zero law relation and found coupling from the 18 parameters that constituted the 

equation. In addition, Augenstein et al. (2005, 2006) also obtained similar conclusion 

regarding the possible coupling among parameters. Such problems generally reflect the 

observability of model parameters and add difficulty to parameter estimation.  

At the early stage of this study, a sequential optimisation algorithm was developed to 

iteratively estimate each of the four passive parameters. The overall stiffness parameter (C1) 

was optimised independently only once and then kept at its optimal value while the 

remaining three parameters were optimised sequentially. The rationale behind this decision 

was due to the coupling between C1 and the other three parameters because C1 served as a 

global scaling factor in the transversely-isotropic constitutive equation. The parameters C2, 
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C3 and C4 were independently estimated until the values and the mean squared error (MSE) 

converged. This sequential estimation process was proposed due to possible correlations 

between the fibre (C2) and cross-fibre stiffness (C3). Detailed information on these 

optimisation results can be found in Wang et al. (2009).  

The sequential algorithm might not be ideal for this kind of highly nonlinear problem, which 

could possess multiple local minima. Therefore, this iterative approach was altered so that 

C1 was estimated first, then C2, C3 and C4 were optimised simultaneously while C1 was 

fixed (Strategy 1: Subject-Specific Optimisation of C1 – C4). Using the same initial 

estimates (the parameters from Omens et al. (1993)), optimal parameters were determined 

for each of the five animals (Table 5-2). The values of C1 varied from 0.95 kPa to 2.19 kPa, 

which were consistent with the global stiffness of the LV reported by other studies on dogs 

and pigs (Guccione et al., 1991; Omens et al., 1993; Augenstein et al., 2005). The variations 

in the other three parameters were more significant among the animals studied in this thesis, 

with three out of five (Animals 0912, 0926 & 1017) predicting higher stiffness in the fibre 

direction than the cross-fibre direction (C2 > C3), one study (Animal 0917) exhibiting the 

opposite behaviour (C2 < C3), and the remaining study (Animal 1024) showing insignificant 

difference in stiffness between the fibre and cross-fibre directions (C2   C3). These 

optimisations were terminated when the changes in each of the parameters were smaller 

than the tolerance (0.001). This criterion was in place to ensure that the optimisation 

terminated on parameters. For a well-behaved optimisation problem, the termination should 

be based on both parameters and objective function, however this was not the case in this 

study. The sequential iterative approach described above revealed that the objective function 

(RMSE) became insensitive to changes in the material properties after 5 or 6 iterations. In 

other words, the shape of the objective function over this three-dimensional parameter space 

was relatively flat, making it difficult to identify a unique set of parameters. After 

examining the post-optimisation objective functions, it was noted that the RMSEs had not 

improved substantially, indicating the objective functions had reached their local minima.    

To rule out the coupling effect of C1 with the other three parameters in this identification 

process, an average of the five subject-specific C1 values was computed and fixed for five 

further optimisations. The simultaneous optimisation of C2, C3, and C4 were repeated with 

C1 fixed in all cases to the same average value (Strategy 2: Subject-Specific Optimisation 
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of C2 – C4 with fixed C1). The purpose of this approach was to investigate whether or not 

the variations in C2, C3, and C4 were reduced among the five animals when C1 was fixed at 

the same value. As expected, the optimal parameters (shown in blue in Table 5-2) were 

different compared with the optimisations with subject-specific C1 (shown in red in Table 

5-2), even though the post-optimisation RMSEs were very similar for the two strategies. 

The other parameters still varied quite substantially across the animals. This suggested that: 

1) these problems may have multiple local minima, hence non-unique optimal parameters; 

and/or 2) the objective functions were quite flat and insensitive to changes in the 

parameters. 

Table 5-2: Summary of passive material properties for all five animals optimised using two 

strategies. In both cases, the initial estimates were the parameters reported by Omens et al. 

(1993). Colours correspond to the strategies described in the main text.  

C1 (kPa) C2 C3 C4

Omens et al., (1993) 1.20 26.70 2.00 14.70

                Subject Specific Optimisation of C1-C4

Animal C1 (kPa) C2 C3 C4 RMSE  (mm) det (H) cond (H) det (H0)

0912 1.0 43.8 2.2 4.5 1.6 9.6E-07 2.5E-04 0.2

0917 2.2 0.1 13.7 10.9 1.0 2.8E-09 6.3E-02 0.3

0926 1.3 9.3 5.8 58.2 1.6 3.6E-10 1.5E-04 0.0

1017 2.1 21.1 0.7 60.0 2.1 5.1E-07 1.6E-03 0.7

1024 2.2 2.7 3.5 10.3 0.3 1.1E-09 5.3E-03 0.5

    Subject Specific Optimisation of C2-C4 with fixed C1

Animal C1 (kPa) C2 C3 C4 RMSE  (mm) det (H) cond (H) det (H0)

0912 1.7 32.2 1.8 3.2 1.6 6.0E-06 2.7E-04 0.2

0917 1.7 0.1 17.4 13.9 1.0 7.1E-10 6.7E-02 0.3

0926 1.7 7.9 4.2 47.9 1.6 9.3E-09 7.5E-04 0.0

1017 1.7 24.5 1.1 60.0 2.1 1.7E-08 4.2E-04 0.3

1024 1.7 11.7 14.4 41.9 0.3 2.5E-13 5.4E-03 0.5  

Table 5-3 lists the Hessian (H) and scaled Hessian matrices (H0) evaluated using the optimal 

parameters (Strategy 1) (C2-C4 only) to gain insight into the identifiability of the three 

parameters (C2 – C4) for each animal. A larger value on the diagonal of H (circled in pink), 

indicates that the parameter is more identifiable. Among the five animals, C3 had the largest 

value followed by C2 then C4 (except for Animal 0912). This indicates that, the estimated 

value of C3 might carry more weight than the other parameters in all cases. The interactive 
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effects between parameters on the objective function are indicated by the off-diagonal terms 

(circled in green) of the scaled Hessian matrix (H0), often referred to as the correlation 

matrix. For example, for Animal 0912, a value of 0.7359 indicates that parameters C2 and 

C3 were strongly correlated whereas parameters C2 and C4 are not strongly coupled based on 

the value of 0.27. Similarly, parameters C2 and C4 appeared to be strongly coupled. A 

positive correlation coefficient implies a positive proportional relationship between the two 

parameters whilst a negative coefficient suggests an inversely proportional relationship (i.e. 

two parameters can trade off with one another). Parameters with strong correlations may be 

difficult to estimate as changes in one parameter will be associated with changes in the other 

parameter for little (if any) change in the objective function, thus optimal solutions may not 

be unique and convergence may be slower.    

Table 5-3: Summary of Hessian and scaled Hessian matrices evaluated at optimal solutions 

(Strategy 1) for all five animals.  

Animal Hessian Matrix ( H ) Scaled Hessian Matrix ( 0H ) 

0912 

















0.0223

0.0813 0.5839

0.00090.0121   0.0005    

 

















1.0000

0.7127 1.0000 

0.27000.7359   1.0000    

 

0917 
















0.0015

0.0004- 0.0022 

0.00180.0000-   0.0033     

 

















1.0000

0.2060- 1.0000 

0.86410.0182-   1.0000    

 

0926 

















0.0002

0.0002- 0.0892

0.0002-0.0207   0.0049   

 

















1.0000

0.0398- 1.0000 

0.1775-0.9879   1.000   

 

1017 

















0.0006

0.0041 0.3286

0.00030.0169   0.0037   

 
















1.0000

0.2889 1.0000

0.21990.4834   1.0000   

 

1024 
















0.0001

0.0008- 0.0189

0.0000-0.00186   0.0007   

 

















1.0000 

0.4870- 1.000  

0.0438-0.4843   1.000    
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The coupling between C1 and C2, C3 was also evident from the results shown in Table 5-2. 

For instance, the C1 values for Animals 0912 and 0926 (0.95 kPa and 1.26 kPa, 

respectively) were smaller than the average C1 (1.74 kPa) and this increase in the global 

stiffness was associated with a decrease in the parameters C2 – C4. The opposite changes 

were observed for Animals 1017 and 1024 where the reduced global stiffness from 2.09 kPa 

and 2.19 kPa, respectively, to 1.74 kPa was associated with increased C2 – C4 (except for C4 

of Animal 1017). The fibre stiffness for Animal 0917 did not notably change between the 

two strategies, and the cross-fibre and shear stiffnesses both increased with decreased C1.  

Although the values of the parameters were different between these strategies, it was 

important to understand whether or not these differences resulted in different mechanical 

behaviour. This was investigated by evaluating the 2
nd

 order Piola-Kirchhoff stresses as a 

function of the strains along each of the fibre and cross-fibre directions at all 1024 Gauss 

points of the model at ED. Figure 5-3 and Figure 5-4 illustrate the stress-strain behaviour for 

the fibre and cross-fibre directions, respectively. For each animal, stress-strain curves were 

generated for each of the sets of material parameters identified using the two estimation 

approaches. The red versus blue colours of the plots indicates the set of parameters 

associated with each approach. The maximum strains along the fibre and cross-fibre 

directions for all five animals ranged from 0.037 (Animal 1024) to 0.15 (0926), 

respectively, which was consistent with the range of the recorded preloads. For Animal 

0917, the fibre stiffness was estimated to be lower than cross-fibre stiffness, which caused 

the fibre stress to be smaller than the cross-fibre stress (a questionable result). Apart from 

this case, the maximum fibre stress varied from 0.8 kPa to 4.5 kPa and the maximum cross-

fibre stress was approximately an order of magnitude smaller.     

For Animals 0912 and 0926, the mechanical behaviours predicted by both sets of optimal 

parameters were similar at lower strain (<0.05) but became disparate at higher strain 

(>0.05). For Animals 0917 and 1024, the different sets of parameters represented two 

fundamentally different mechanical responses. The stress-strain plots were almost 

overlapping for Animal 1017, suggesting similar mechanical responses. Comparable 

observations were made from the cross-fibre stress-strain plots except that no difference was 

seen for Animal 0917 and a distinct disparity was found for Animal 1017. 
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Figure 5-3: Fibre stress-strain relationships at ED evaluated using the optimal parameters 

estimated using two strategies 1) subject-specific optimisation of C1 – C4 (red); and 2) 

subject-specific optimisation of C2 – C4 with fixed C1 (blue).  

 

Figure 5-4: Cross-fibre stress-strain relationships at ED evaluated at the optimal 

parameters. Description of the colours is provided in Figure 5-3.   
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It is worth noting that the small scatter in the plots at higher strains was a feature of the 

nonlinear transversely-isotropic exponential constitutive equation, since the fibre stress was 

not solely determined by the fibre strain and fibre stiffness. In other words, all other strain 

components also affected the fibre stress calculation, due to the form of the constitutive 

equation.     

To this point, it was clear that the five sets of optimal passive material parameters exhibited 

significant variation between animals, as indicated by the different slopes shown Figure 5-3 

and Figure 5-4. In addition, the parameters identified using the two optimisation strategies 

varied and generally represented different passive mechanical responses, even though the 

post-optimisation RMS errors were approximately equal using the two approaches.  

In order to investigate whether or not a single set of material parameters could be identified 

to best describe the overall mechanical response for all animals, another optimisation 

strategy was proposed to merge the individual objective functions into one combined 

objective function. Combining data from all five animals added more information to the 

optimisation problem, whilst the parameters were tuned to match the individual 

deformations.  

Table 5-4: Passive material parameters for all five animals estimated using two combined 

optimisation strategies. See text for details.  

                                 Combined Optimisation of C1-C4

C1 (kPa) C2 C3 C4 RMSE (mm) det (H) cond (H) det (H0)

2.5 8.6 3.7 25.8 1.6 2.5E-13 5.4E-03 0.5

                          Combined Optimisation of C2-C4 with fixed C1

C1 (kPa) C2 C3 C4 RMSE (mm) det (H) cond (H) det (H0)

1.7 12.4 5.2 36.0 1.6 5.8E-10 1.1E-03 0.2  

 

The estimation process started with optimising C1 by minimising the combined objective 

function, then fixing C1 at the optimal value during optimisation of the other three 

parameters (Strategy 3: Combined Optimisation of C1 – C4). As a comparison, the 

optimisation of C2 – C4 was repeated with C1 fixed at the average of the five subject-specific 

C1 values (Strategy 4: Combined Optimisation of C2 – C4 with fixed average C1). As the 
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results in Table 5-4 shows, two different sets of material properties gave rise to the same 

RMSE. The fibre and cross-fibre stress-strain relationships for all five animals evaluated 

using the two sets of parameters were plotted together in Table 5-5. In comparison to the 

subject-specific optimisations, both the fibre and cross-fibre stress-strain curves closely 

overlapped. Therefore, these two different sets of material parameters effectively 

represented the same passive mechanical response.  

 

 

Figure 5-5: Fibre (top) and cross-fibre (bottom) stress-strain relationships at ED evaluated 

at the optimal parameters estimated using two strategies. See text for details.  
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To sum up, four different parameter estimation strategies were investigated in this study, as 

summarised in Figure 5-6. For the first pair of strategies, which were designed to estimate 

subject-specific parameters, significant variations were observed between the individual sets 

of parameters. Even when the global stiffness C1 was fixed to the average of the five 

individual estimates, the variations in parameters C2 – C4 were still evident, whilst the 

RMSEs were similar. This indicated that the parameter sets were non-unique and the 

objective function was likely to be relatively flat. Parameter interactions between C1 and C2 

– C4 were also revealed by comparing the results obtained from the two subject-specific 

optimisation strategies. Importantly, the two sets of parameters for each animal produced 

substantially different mechanical responses for the majority of the animals.  

The second set of strategies each used the combined objective function from all five animals 

to identify a single set of parameters. Like the subject-specific cases, one optimisation 

aimed to estimate all four parameters, and the second approach estimated C2 – C4 while C1 

was fixed at average of the five subject-specific values. The results again varied from the 

subject-specific parameters. When the mechanical responses were compared for these two 

combined optimisation strategies, it was found that similar stress-strain relationships were 

obtained. Therefore, by combining the information from all five cases, the two sets of 

seemingly different parameters were shown to represent the same mechanical response.      

 

Figure 5-6: The four parameter estimation strategies.  
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5.4 Discussion  

 

The primary objective of this chapter was to estimate in vivo passive material properties of 

the ventricular myocardium using LV FE models that integrated subject-specific in vivo 

canine geometry, ex vivo myofibre orientations and in vivo loading conditions all from the 

same hearts. The high spatial and temporal resolution of this tagged MRI data set not only 

provided LV geometric information during diastolic filling, but also provided the ability to 

quantify the three-dimensional displacement fields. Simulation of the diastolic LV 

mechanics using these models and subsequent comparisons against the observed regional 

deformations allowed the in vivo passive myocardial constitutive parameters to be 

estimated. In this study, although the FE prediction of the LV wall motion is seemingly 

similar to motion recovery, this technique is based on non-linear FE deformation of a 

computational model, designed to be physiologically realistic. This is different to the 

inverse problem using meshfree state-space framework (Wong et al., 2009) or motion 

recovery using image force (Billet et al., 2009). This study aimed to combine the two most 

advanced cardiac mechanics imaging tools (tagged MRI and diffusion tensor MRI) to 

provide accurate and realistic heart geometry and fibre architecture to study regional 

mechanical function of the heart (such as the myocardial stress, strain, and stiffness 

distributions) and this is only plausible with the aid of FEM. Compared to the existing 

image-processing based methods, this proposed framework relies less on the image 

processing and makes a good candidate for 3D motion analysis, regional strain and stress 

analysis as well as parameter estimation.  

 

5.4.1 Material Parameter Estimation 

 

The five sets of passive parameters estimated in this study are markedly different from those 

obtained by Omens et al., (1993), whose parameters were used as the initial estimates for 

these studies. This may reflect differences in the myocardial muscle properties between the 

different hearts used during the experiments; it may be due to the different modelling 

assumptions (such as the application of different loading constraints) or the different 
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experimental conditions (in vivo versus in vitro); it may even arise from the non-uniqueness 

of the parameter identification process, which was demonstrated in this study by comparing 

the parameters estimated using different strategies.  

Parameter estimation can be sensitive to a number of factors such as: noise in the MRI data; 

the number of image frames introduced in the optimisation (Augenstein et al. 2005), and the 

assumed loading and kinematic constraints. The effect of altering noise in the tagged MR 

data and number of image frames was investigated by Augustein et al. (2005) using Monte 

Carlo simulation. They concluded that more image frames needed to be included in the 

optimisation as they increased the noise in the tagged MRI data. In the present study, 

information from only two states of the LV: reference (unloaded) and end diastolic state 

(loaded) were used to tune the passive parameters. As proposed by Augustein et al. (2005), 

the involvement of more image frames resulted in lower RMSE, hence better match to the 

experimental data. In principle, this multi-frame approach could be applied to the present 

MRI data sets, however, the computational tractability of this approach would need 

addressing. 

Due to the interactions between the global stiffness C1 and parameters C2 - C4, it was not 

possible to uniquely estimate all four parameters simultaneously because the estimated 

values for C2 – C4 were dependent on the value of C1. For the subject-specific optimisations, 

it was noted that the two sets of material parameters within each animal represented 

different material behaviour (i.e. different slopes of the stress-strain relationships). In the 

transversely-isotropic constitutive equation, the stresses along the fibre and cross-fibre 

directions are dependent on the product of the global stiffness C1 and the stiffness along that 

direction (C2 or C3), as shown in Eq. 5.4. Therefore, if the products of C1 and C2 were 

similar between optimisations, then they would give rise to similar mechanical responses in 

the fibre direction. Similarly, if the products of C1 and C3 were similar between 

optimisations, then they would result in a similar mechanical response in the cross-fibre 

direction. As Table 5-5 shows, there were substantial differences in these products for the 

subject-specific optimisations (except for the cross-fibre direction for Animal 0917, and the 

fibre direction for Animal 1017). However, the combined optimisations produced similar 

products for both fibre and cross-fibre directions, thus giving rise to the overlapping stress-

strain curves.  
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Table 5-5: Products of C1* C2 and C1* C3 for all optimisation strategies. 

Subject Specific Optimisations

Animal C1 * C2 C1 * C3

0912 41.7 2.0

56.1 3.1

0917 0.3 30.8

0.2 30.4

0926 11.7 7.3

13.8 7.3

1017 44.1 1.5

42.7 1.9

1024 6.0 7.6

20.4 25.1

Combined Optimisations

Animal C1 * C2 C1 * C3

All 21.7 9.2

21.6 9.0  

One hypothesis of this study was that the passive material parameters are similar across the 

five hearts because the five MRI data sets were acquired using the same technique, under 

the same physical conditions and the animals selected for the experiments all had similar 

weight and healthy hearts. The reference geometries exhibited small differences between the 

animals, but the distributions of the fibre orientations were quite similar as shown in Section 

3.2.3. Upon further investigation of the overall displacement each animal underwent during 

inflation (Table 5-1), significant variations were evident in the RMS displacements and 

recorded preloads. The anaesthetics may have been one factor causing these hearts to 

deform differently, and the controlled gating technique employed during the tagged MRI 

experiments appeared to impose a significant impact on the cardiac performance. 

Specifically, the sedated animals were paced at an interval of 500ms in order to obtain a 

consistent motion between each cardiac cycle. The time between the triggering at the R 

wave of the ECG (near the end of IVR) and imaging was also fixed (Figure 5-1). Given that 



 

                        5.4 Discussion 

Page | 117  

 

the animals could have had different responses to the anaesthetics, the hearts may not have 

been fully relaxed before the next trigger. Compromised relaxation along with the gated 

cardiac cycle can lead to a shortened diastolic filling stage (see Appendix D), which means 

that the heart will not be filled properly during passive inflation. The recorded preloads 

along with the RMS displacements provide good indications of the extent of the diastolic 

filling experienced by each of the animals. 

The optimisation strategy, which combined the displacement information for all five 

animals, aimed to identify a single set of passive material properties across the different 

hearts. Although an optimal solution was found, the animal with the largest deformation 

would likely have dominated the result in this combined optimisation. In other words, the 

optimiser would penalise the largest errors. Considering that the RMS displacements for all 

five animals ranged between 0.57 mm and 2.06 mm, it is possible that the optimal 

parameters would not be as appropriate for Animal 1024 due to the small deformation. 

    

5.4.2 Boundary Conditions 

 

The kinematic and loading constraints have an important impact on modelling myocardial 

mechanics. The constraints used in this study included prescribing displacements for the 

epicardial nodes at the basal plane using motions extracted from the tagged long-axis and 

short-axis MR images, but allowing the apex to move freely. Figure 5-7 illustrates two 

views of the displacement map from reference to ED states and the post-optimisation error 

map between the predicted and tracked coordinates for each of the material points for 

Animal 0926. Note that the coordinates of the material points shown in Figure 5-7 were the 

tracked coordinates at ED.  
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Figure 5-7: Anterior and base views of the displacement map from reference to ED states, 

and the post-optimisation error map between the predicted and tracked coordinates for 

each of the material points for Animal 0926.  

 

As indicated in Figure 5-7, the base of the model experienced the largest displacement 

during diastole compared with the rest of the model. Due to the choice of these boundary 

conditions, the models were better able to match the material points‟ positions near the base 

compared to the apex. The larger error near the apex was caused by axial lengthening of the 

model during diastole which was not constrained due to the absence of pericardium in this 

framework. In contrast, Walker et al. (2004, 2008) fixed the azimuthal coordinates of both 

base and apex to prevent excessive changes in the base-to-apex dimension. However, this 

required a non-physical reaction force to be applied at the apex (which, unlike the base, is 

not attached to surrounding structures) to simply match the deformations. A better approach 
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that is beyond the scope of this study, would be to incorporate a pericardial constraint, by 

enclosing the LV in a stiff nonlinearly elastic membrane and to take into account the 

frictionless contact interactions between the LV epicardium and the pericardial sac.   

 

5.4.3 Limitations 

 

The loading constraints also play an important role in determining myocardial mechanical 

behaviour. During inflation, the pressure applied to the endocardial surface was uniformly 

distributed. However, this may not be appropriate due to the dynamical motion and the 

inertia of the blood within the LV. To account for this, a pressure gradient could be imposed 

on the endocardial surface, but further data regarding this type of variation must to be 

identified. Perhaps the best approach would be to solve a coupled fluid-structure interaction 

problem accounting for both the ventricular wall and cavity blood mechanics (Nordsletten et 

al., 2011). 

Omission of the RV was another limitation of this study. The effect of the RV may 

contribute to the kinematic and loading constraints near the septum. Accounting for the RV 

in the mechanics simulations may alter the material parameter estimation for the LV. The 

existing modelling framework could be extended to investigate the mechanics of both 

ventricles.   

The post-optimisation RMSEs between the predicted and tracked material points were not 

reduced as much as anticipated. The limitations mentioned above could explain why the 

current models were limited to match the in vivo motion. A heterogeneous distribution of 

material parameters may also be necessary, although the physiological justification for this 

remains questionable. Furthermore, the imbrication angles or sheet angles were not included 

in the present models, which may be a further source of error given the known existence of 

these microstructural features (LeGrice et al., 1995). Only one constitutive equation 

(transversely-isotropic) was considered in this study, whereas several different forms have 

been proposed. For example, Criscione et al. (2001) developed alternative formulations, 

which were designed for high-strain, laminar materials with one fibre family, based on 

strain attributes (as opposed to strain invariants). The proposed constitutive relation 
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addressed the parameter coupling issue seen in the transversely-isotropic equation. Schmid 

et al. (2006) have attempted to identify parameters for this constitutive equation using 

controlled shearing experiment. However, they found that the mechanics of shear were not 

well represented by this constitutive relation as it predicted that the normal component of 

force was identically zero (H. Schmid, personal communication, August 10, 2010). This 

framework could be used to assess the effects of imbrication and sheet angles, orthotropic 

mechanics and the suitability of other constitutive equations.        

 

5.5 Conclusions 

 

Nonlinear FE modelling was used to estimate in vivo material parameters based on subject-

specific geometric and microstructural information of the LV. The material parameters of a 

transversely-isotropic material relation were estimated by matching observed kinematic 

information derived from MRI tagging. The displacements of a set of material points were 

used to quantify the suitability to match the experimental data. Four optimisation strategies 

were proposed and the parameters estimated using each strategy differed from one another. 

Two strategies focused on individual animal optimisation produced two different sets of 

parameters for each animal, which in turn resulted in different passive material responses. 

However, when the displacements information from all five animals were combined, the 

resulting sets of parameters, whilst different, were found to give rise to similar stress-strain 

relationships.  

Given that the parameters estimated were mostly consistent with other literature, the passive 

material parameters obtained using the combined optimisation of C1-C4 in Table 5-4 were 

used for simulating systolic mechanics, and to estimate myocardial contractile properties as 

described in Chapter 6.   



Chapter 6 Estimating In Vivo 

Myocardial Contractile Properties 
 

Aspects of this chapter have been published in: Wang et al., Lecture Notes in Computer Science 

6364: 194-203, 2010. 

 

Impaired systolic ventricular function is common in patients diagnosed with HF or ischaemic 

heart disease. The majority of patients suffering from HF have normal systolic pump function, 

but impaired filling (diastolic HF) function. However, this frequently leads to diminished 

contractile performance with impaired contractility (systolic HF) (Redfield et al., 2003; Redfield, 

2004). The distribution of wall stress during contraction has been recognised to contribute to 

several cardiac pathologies such as hypertrophy and remodelling (Fung, 1990; Shah, 2010). 

Better understanding of the stress development and active contractile parameters in the intact 

heart can aid the understanding of these pathologies (Guccione et al., 1995) and the interaction 

between diastolic and systolic HF.     

In this chapter, the LVTAG model was used to simulate mechanics during the active contraction 

phase using the passive material parameters estimated in Chapter 5. For all five animals, the 

predicted ES models based on use of the DTI fibre orientations were inconsistent with systolic 

motion observed from the in vivo tagged MR images. This discrepancy between the simulated 

deformation and the in vivo physiological deformation was markedly reduced when the systolic 

simulations were repeated using the ADH fibre distribution. It is postulated that the lack of 

vertical fibre vectors near the endocardial and epicardial surfaces for the DTI based models 

caused the LV models to incorrectly lengthen during systole. The estimation of active 

parameters was thus performed using the ADH fibre orientations, and a similar optimisation 

scheme to that introduced in Chapter 5 was used to match regional systolic deformation. The 

estimation started with the maximum active tension and a length-dependent parameter at ES, 

then it was extended to quantify the time-varying active tension throughout the whole cardiac 
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cycle. Analyses on regional fibre stretch, stress and work were also carried out to investigate 

their spatial and temporal variation, and a measure of overall myocardial efficiency was 

quantified. 

 

6.1 Introduction 

6.1.1 Motivation 

 

Many studies have shown significant interactions between myocardial stress and the progression 

of cardiovascular diseases (Linzbach, 1960; Grossman et al., 1975; de Simone and Devereux, 

2002). Ventricular hypertrophy is a transitional phase during the development of HF (Zile and 

Brutsaert, 2002(a); Aurigemma et al., 2006). A hypertrophic heart has undergone compensatory 

remodelling, but eventually becomes incapable of working efficiently. Many HF patients 

present with preserved systolic pump function (e.g. normal ejection fraction), but have increased 

LV wall thickness and a corresponding increase in LV mass, which often masks decreased 

contractility (Senni and Redfield, 1997). The changes in wall thickness can be triggered by a 

disturbance in physiological, geometrical and/or haemodynamic loading conditions. A series of 

remodelling processes occur in the myocytes to alter force development, material properties, 

and hence muscle performance during the cardiac cycle. Moreover, remodelling of the 

myocardium can be initiated by changes in the contractile force generated by the myofibrils 

during systole.  

Not only has systolic wall stress been considered as a stimulus to ventricular hypertrophy 

(Linzbach, 1960; Grossman et al., 1975), but it has also been used by clinicians to assess 

preoperative and postoperative LV function in patients with mitral valve regurgitation. While 

EF is the most common indicator of ventricular performance, changes in both preload and 

afterload can have direct impact on ejection fraction, which makes it a problematic measure of 

contractility. For patients who have had mitral valve replacement, a rather misleading reduction 

in EF has been reported. Ejection fraction can also be normalised by hypertrophy. To avoid 
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these problems, the ratio of end systolic wall stress (ESWS) to end systolic volume (ESV) has 

become widely used to better evaluate LV function. An elevated ESWS/ESV ratio indicates a 

better LV contraction for a given afterload, whereas decreased LV contractility is defined by a 

lower ESWS/ESV ratio (Carabello et al., 1981). In vivo estimation of wall stress based on 

subject-specific MR images will allow more accurate calculation of this clinical index.   

 

6.1.2 Previous Studies of Estimating Myocardial Contractile Parameters 

 

Direct measurement of in vivo stress distributions is not attainable. Previous studies of stress 

were all estimated though simple theoretical calculations based on wall thickness and invasively 

recorded intraventricular pressure. Huisman et al. (1980) made an attempt to measure local 

stresses in the passively distended heart using the Feigl transducer, but they concluded that more 

accurate estimation of the wall stress could be achieved via calculation rather than direct 

measurement. FE modelling enables estimation of the stress field based on realistic geometry 

and strain field together with a physiologically-realistic myocardial contractile model. The 

development of models describing the active tension in cardiac muscle has been an ongoing 

research topic. Wong (1971, 1972) proposed one of the first models that utilised the sliding 

filament theory to model cardiac muscle active mechanics. Subsequent models developed by 

several other researchers concentrated on relating the active fibre tension to muscle length, time 

following stimulus, and the interaction between Ca
2+

 and troponin C (Tözeren, 1985; Pinto, 

1987) as well as the dependence of tension and Ca
2+

 binding on sarcomere length (ter Keurs et 

al., 1980; Guccione and McCulloch, 1993). Hunter et al. (1998) proposed an empirical cellular 

mechanics model (HMT model), which considered the passive material properties of the tissue, 

the rapid binding of Ca
2+ 

to troponin C and its tension-dependent release (which occurs at a 

slower rate), the length dependent tropomyosin movement, and the availability of binding sites 

and the cross-bridge tension development. The model was proven to be capable of reproducing 

the response to isotonic loading and dynamic sinusoidal loading experiments. Niederer et al. 

(2006) proposed a model with detailed time-dependent descriptions of contractile stress by 
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taking the dynamics of calcium binding into account. This model aimed to address the 

sensitivity of ventricular relaxation to Ca
2+

. Niederer et al. (2009a) simplified these earlier 

models to a single ordinary differential equation for improved computational performance. 

Mathematical modelling of the heart provides a means to quantify the contractile properties of 

the myocardium, which in turn determines the development and distribution of stress within the 

heart. Guccione et al., (1993) used a cylindrical model of the LV to quantify the active fibre 

stress modelled by their “deactivation” model of cardiac contraction. Walker et al. (2004) 

estimated maximum isometric tension from the same activation model in sheep with LV 

aneurysms by matching the ES cavity volume. Sermesant et al. (2006a) proposed a data 

assimilation framework, which used a biventricular model to estimate ventricular myocardial 

contractility using linear elasticity theory by matching the measured displacement of 18 random 

nodes in the model. The model was created by deforming a generic model to fit a clinical MRI 

dataset and contained muscle fibre orientations derived from DTMR images. The type of 

activation model used in this study was the Hill-Maxwell model (Sermesant et al., 2006a). A 

pathological scenario was also considered for which the contractility of two anatomical 

segments was reduced compared with the rest of the model (Sermesant et al., 2006a).  

In recent years, it has become apparent that developing personalised coupled electromechanics 

models can be useful for studying pathological conditions, assisting with treatment planning as 

well as predicting prognosis for treatment such as cardiac resynchronisation therapy (CRT). 

Both Sermesant et al. (2009) and Niederer et al. (2011) have developed electromechanics heart 

models, which were each customised to the heart geometry of a HF patient obtained from cine-

MRI, to simulate cardiac function before and after CRT. Fibre orientation data on HF patients 

are limited, thus canine data were adopted in both studies. Each group demonstrated that their 

model had the capability to reproduce physiologically realistic global function by tuning 

mechanical properties using recorded pressure-volume loops. This kind of modelling framework 

allowed Niederer and colleagues (Niederer et al., 2011) to recognise that the importance of 

length-dependent tension in maximising the efficacy of CRT. Due to the large number of 

parameters involved in these mechanics models and the lack of appropriate data (such as 

regional motion data), individualised parameter identification remained as a challenge, not to 
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mention the liklihood of obtaining non-unique parameter fits (Fleureau et al., 2009, Niederer et 

al., 2011). Niederer et al. (2011) attempted to address this by simplifying the passive and active 

constitutive equations. The reduced parameters were identified by matching the pressure 

transient or the recorded pressure-volume loop that could be readily generated by analysing the 

patient‟s cine-MR images. This work could be improved by incorporating patient-specific 

material properties estimated using regional ventricular motion data. Sermesant et al. (2006a) 

acknowledged this, suggesting the use of displacement information from tagged MR images in 

their future assimilation framework.  

Chabiniok et al. (2011) developed an imaging based technique to estimate tissue contractility 

using cine MRI of pig ventricles and data assimilation and joint state-parameter estimation 

methodology. Results on the regional contractility were obtained by matching the surface 

contours of the simulated ES model to the contours segmented directly from the cine MR 

images. This study was then extended to include displacement information provided by tagged 

MR images (Imperiale et al., 2011). However, the kinematic data were limited only to the 

displacement of the tag planes, not the 3D ventricular motion.  

One of the specific aims of this thesis was to extend the passive parameter estimation procedure 

introduced in Chapter 5 to simulate systolic mechanics and to estimate the contractile 

parameters for the normal canine heart by matching the systolic regional motion using the 

displacements of the same set of material points described in Chapter 5.  

 

6.2 Active Ventricular Mechanics 

 

The contraction model and simulation scheme for systolic mechanics in this study have been 

introduced in Section 4.2.2. To estimate the maximum active tension at ES, a forward 

mechanics problem was firstly solved to the end of ES. Upon examining the simulated ES 

models for all five animals using DTI fibre orientation data, it was noted that four out of five 

models (except for Animal 0917) exhibited a degree of swing, with three (Animals 0912, 1017 
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and 1024) swinging towards the septum away from the LV free wall, and one (Animal 0926) 

swinging away from the septum, towards the LV free wall. Figure 6-1 shows the anterior (top) 

and septal (bottom) views of the ED (gold) and ES (blue) models for all five animals simulated 

using DTI fibre orientation data illustrating the unexpected swing at ES. Furthermore, in all five 

models the long-axis dimension did not markedly shorten during systole – an unrealistic 

deformation compared to that observed in the MRI tagging data. The change in the base-to-apex 

dimension during systole was evaluated from the tracked tags for the five hearts, and from the 

five simulated models based on the subject-specific DTI data. According to the displacement of 

the material points (Table 6-1), the average axial shortening from ED to ES was approximately 

7.3% (± 2.17%). However, the average axial shortening observed from the simulated ES models 

was only 1.3% (± 1.47%). To investigate potential causes of the apical swing and the lack of 

axial shortening, the effects of the following factors on systolic mechanics were examined: 1) 

geometry; 2) boundary constraints and 3) fibre orientations. 

 

Effect of Geometry  

 

Further analysis was conducted to determine whether the shape of the LVTAG models was the 

cause of the non-physiological deformation. This factor was ruled out after re-simulating the 

systolic mechanics for Animal 0912 (which exhibited a significant amount of swing and 

lengthening) with a regularly shaped model and its own DTI fibre data. Similar behaviour (both 

lengthening and swinging) was seen from this regularly shaped ES model. Moreover, the five 

LVTAG models had different geometries, yet four of the five predicted ES models exhibited 

unrealistic motions. Therefore, it was concluded that the geometry factor was not the main cause 

of the unrealistic deformation predictions. 

 

 



 

                        6.2 Active Ventricular Mechanics 

Page | 127  

 

Effect of Kinematic Boundary Constraints 

 

The role of the boundary constraints was also analysed. The epicardial basal nodes for all 

models were prescribed to displace according to the motion observed in the tagged MR images. 

It was hypothesised that the heterogeneous nodal displacements caused the model to swing. To 

test this hypothesis, the mechanics simulation of Animal 0912 was repeated with the 

longitudinal coordinates (x coordinate) of all basal nodes fixed spatially. As a result, neither the 

lengthening nor the swinging was removed so the kinematic boundary conditions were ruled out 

as the main cause of the unrealistic deformation predictions.  

 

Effect of Epicardial Constraints 

 

In this framework, the endocardial surface was loaded with the LV cavity pressure measured 

during the MR experiment. Pressure boundary conditions were not applied to the epicardial 

surface of the model. However, this does not account for the effects of the pericardium or RV. 

Under in vivo conditions, the heart is subject to pericardial pressure and the RV cavity pressure 

applies an „exterior‟ load to the LV septum. Based on the unrealistic model behaviour, it was 

questioned whether applying a positive pressure to the epicardial surface would result in more 

shortening of the model, or/and whether applying pressure to the epicardial face of the septal 

elements might prevent the swing.  

The epicardial pressure required to offset the lengthening and swing was unknown, so a series 

of tests was implemented with the epicardial pressure gradually increased from 0 with a 1 kPa 

step. When the epicardial pressure reached 3 kPa (¼ of the cavity pressure at ES for Animal 

0912), the axial dimension of the ES model was only 1.5% shorter than the original ES model 

(without any epicardial surface pressure). Because the epicardial pressure was applied 

homogeneously throughout the model, the addition of this load did not have any marked effect 
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on correcting the swinging of the model. Further increases in this value may oppose the model 

to lengthen, but this would require non-physiological pericardial pressures. This is at odds with 

the physiological conditions as it is well established that the pericardial pressure is negative and 

also heterogeneously distributed during systole (Tyson et al., 1984; Smiseth et al., 1987; deVries 

et al., 2001). This discredited the use of positive pericardial pressure in order to offset the 

unrealistic deformations, so it was eliminated as a potential factor.  

 

Effect of LV Structural Constraints 

 

The next factor to be considered was the constraints imposed by other anatomical features such 

as the RV and papillary muscles (PMs). Constructing a biventricular model was out the scope of 

this thesis, but models of the PMs were added to the existing LVTAG model to simulate 

mechanics with the PMs. A detailed description for modelling PMs is provided in Appendix E. 

In short, two extra groups of elements representing the anterior and posterior PMs were 

developed and fitted to surface contours segmented from the DTMR images. The PMs were 

then incorporated into the LVTAG model of Animal 0912 using a host mesh fitting approach to 

warp the geometry for the DTMRI into the LVTAG model.  

To test the effect of the PMs on the ventricular mechanics, a trial simulation was set up whereby 

the passive and active material parameters of the PMs were adopted from Omens et al. (1993) 

and Hunter et al. (1998), respectively. The basal regions of the PMs were not constrained during 

passive inflation. However during systole, the long-axis (x coordinate) motion of the PMs‟ basal 

nodes were prescribed to displace by the same amount as the epicardial basal nodes of the 

LVTAG model to mimic immobility of the valves whilst the in-plane motion (y and z 

coordinates) was matched to that of the endocardial basal nodes. Since the distance between the 

base of the PMs and the LVTAG model was assumed to be fixed during systole, the contraction 

of the PMs exerted a tensile force onto the wall which partially prevented the LV from 

lengthening during IVC. However, the simulation results (see Appendix E) showed that the 
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effect of the PMs on the systolic mechanics was rather insignificant, which was likely to be due 

to the fact that the loads that the PMs exert on the LV during systole are unknown. Since the 

techniques for modelling the PMs are still under development, and because they did not 

markedly improve systolic deformation, it was decided to omit the PMs from subsequent 

analysis.                

Effect of Fibre Orientations               

                    

Another factor considered to have significant impact on ventricular mechanics was the 

distribution of myofibre orientations. As discussed in Section 3.2.3, the ADH fibre data obtained 

from histological studies (Nielsen et al., 1991; LeGrice et al., 1995) were also considered in this 

thesis to compare with the fibre data measured using DTI techniques. The statistical comparison 

between the two types of data (DTI vs histology) revealed fundamental differences even though 

the data were all collected from dogs (Section 3.2.3). In particular, it was questioned whether 

the lengthening or swing behaviour was a result of the use of DTI fibre data. To address this, 

systolic mechanics simulations were repeated for all five animals with their fibre fields fitted to 

the ADH data.   

Figure 6-2 illustrates the simulation results for the ADH fibre models in the same views as 

Figure 6-1 for all five animals. The simulated ES models using the ADH fibre data were very 

different to those for the DTI fibre models. The most striking difference was that the 

lengthening observed in the DTI cases was not a feature of the ADH fibre models at ES. The 

axial dimension change from ED to ES for all five animals (Table 6-1) showed that the models 

shortened by 8.5% (± 2.11%) on average as opposed to the 1.3% (± 1.47%) in the DTI cases. 

This indicated that the overall systolic motion predicted using the ADH fibre data was in better 

agreement with the tracked motion compared to the use of the DTI fibre data. The shortening 

experienced by the ADH models was likely to be due to the larger transmural gradient of the 

ADH fibre angles, as detailed in Section 3.2.3. More vertically orientated fibre vectors would 

cause a greater degree of long-axis shortening during contraction.  
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Figure 6-1: Anterior (top) and septal (bottom) views of the simulated LVTAG models at ED (gold) and at ES (blue) for all five animals 

using the subject-specific DTI fibre orientations.  
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Figure 6-2: Anterior (top) and septal (bottom) views of the simulated LVTAG models at ED (gold) and at ES (blue) for all five animals 

using the ADH fibre orientation data.  
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The significant movement of the apex away from the long-axis was also markedly reduced in 

the ADH ES models (apart from Animal 1017 that exhibited only a small amount of swing, 

which could have been caused by the rocking of the base). Not only did the longitudinal 

deformation become more physiological, all five ES models also underwent a reasonable 

amount of twist which was less pronounced in the DTI cases. 

 

Table 6-1: Change in axial dimension of the ventricle from ED to ES calculated from MRI 

tagging data compared with LVTAG models with the DTI fibre data, and LVTAG models with 

the ADH fibre data.     

Animal Tag Data (%) Model DTI(%) Model ADH (%)

0912 8.5% 0.9% 10.2%

0917 10.4% 1.7% 7.2%

0926 5.6% 0.3% 7.9%

1017 5.3% 3.7% 11.3%

1024 6.6% 0.1% 6.2%

Mean±SD 7.3% ± 2.17 1.3% ± 1.47 8.5% ± 2.11  

 

Since the predicted deformation of the models based on DTI data were fundamentally different 

to the tag motion, and because the LVTAG models fitted to ADH data more closely reproduced 

the overall motion, it was decided to proceed with the estimation of the active parameters using 

the LVTAG model with the ADH fibre data. Due to this decision, the passive parameter 

estimation using the ADH fibre data was also revisited. Detailed results can be found in 

Appendix F. In short, the passive parameter estimates obtained using the ADH cases showed 

large variation across all five animals. In particular, the estimated fibre stiffness for four of the 

five cases was lower than the estimated cross-fibre stiffness (except for Animal 1017). This 

finding was not consistent with the DTI cases, nor with other studies that have estimated 

passive anisotropic myocardial parameters (Guccione et al., 1991; Omens et al., 1993; Walker 
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et al., 2004; Augenstein et al., 2005). Consequently, the passive parameters estimated using the 

DTI fibre fields were used for subsequent analyses.      

 

6.3 Active Parameter Estimation Results 

 

The steady-state active tension model from Hunter et al. (1998) used in this thesis (Eq. 6.1) 

contains two parameters: TCa and β. TCa determines the overall contractility of the myocardium 

during systole, and β dictates the dependence of the contractile force on sarcomere extension 

ratio (relative to resting length). The first aim of this chapter was to estimate both of these 

parameters at ES. Before implementing the optimisation procedure, it was important to define 

the bounds for both parameters to ensure that the optimisation results remained in the 

physiological range of parameters. Given that the contractility (TCa) of myocardium must be 

greater than zero to give rise to active contractile force and the length-dependent term could not 

be negative, the lower bounds for each of the parameters were set to be 0.0. As there has been 

no quantification of the limit of the maximum contractility of myocytes, the upper bound for 

TCa,max was chosen to be 400 kPa. On the other hand, the maximum value of β was linked to the 

minimum fibre extension ratio (λmin) to ensure Ta was non-negative, as shown in Eq. 6.1 Based 

on in vitro experimental measurements of sarcomere length of canine and rat trabeculae at 

resting, ED and ES states (Sonnenblick et al., 1967; Kentish et al., 1986), the value of λmin was 

selected to be 0.75 resulting in βmax=4.          
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To explore the shape of the objective function over the two-dimensional parameter space 

spanned by TCa,max and β, the objective function (sum of squared differences between the 

tracked and predicted material points‟ coordinates) was evaluated for a grid of parameters (20 

kPa ≤ TCa,max ≤ 400 kPa & 0.001 ≤ β ≤ 20) for all five animals. This initial investigation of the 

parameter space was useful because it provided an overview of the shape of the objective 
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function, the existence of global or local minima, and assisted with the selection of the initial 

estimates for the nonlinear optimisations.  

 Figure 6-3 (left) illustrates a representative (Animal 0912) 3D view of the objective function as 

a function TCa,max and β.  Figure 6-3 (right) shows the 2D contour plot of the same objective 

function. The plots are colour coded based on the value of the objective function. Both plots 

show that the objective function exhibited reasonable gradients at low values of TCa,max and β 

(i.e. 20 kPa < TCa,max < 150 kPa and 0 < β < 4), but became extremely flat at larger values of 

TCa,max and β. Similar plots for the other animals can be  found in Appendix G.  

 

 Figure 6-3: (Left) 3D surface plot of the objective function for Animal 0912 as a function of  

TCa,max and β. (Right) 2D contour plot of the same objective function.  

An initial optimisation was set up whereby the values of TCa,max and β were estimated 

simultaneously for Animal 0912 using a total number of 9 different sets of initial values 

centered around TCa,max =47 kPa and β =1.45. In the absence of an upper bound for β, vastly 

different optimal parameters were found by using different initial estimates. Five of these sets 
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of optimal parameters (squares) along with their initial estimates (diamonds) are superimposed 

on the 2D contour plot in (Figure 6-4 (Top)).  

 

Figure 6-4: (Top) 2D contour plot of the objective function for Animal 0912 with five optimal 

solutions (squares) and their initial estimates (diamonds). (Middle) Histograms of the extension 

ratio (λ) and (bottom) plots of active stress (Ta) as a function λ evaluated at two optimal 

solutions (red and pink squares in Top panel). Note how some values of Ta are negative for the 

optimal solution in the lower Right.  
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The non-uniqueness of the solutions is evident from the 2D contour plot (Figure 6-4 (Top)) and 

similar conclusions were made for the other four animals given that the other objective function 

plots exhibited similar shape and characteristics. Depending on the initial estimates, for small 

values of TCa,max and β (i.e. 20 kPa < TCa,max < 50 kPa and 0 < β < 4), the optimal solutions 

would most likely to be found in the yellow region in Figure 6-4. Conversely, larger initial 

estimates resulted in optimal solutions in the purple region of Figure 6-4, for which both 

parameters were approximately 2 or 3 times greater than those in the yellow region. For 

example, the optimal solutions colored cyan and pink (Figure 6-4: Top) were obtained with the 

same initial estimates of TCa,max (70.41 kPa) for both optimisations, whilst the initial values of β 

differed by 1.45. This resulted in similar optimal estimates of β (7.94 and 8.17, respectively), 

but the optimal values of TCa,max differed by approximately 42 kPa even though the RMSE was 

similar (2.26 mm). This was due to the relatively flat zone of the objective function, so the 

parameters could exhibit large variation for no significant changes in the objective function.  

The estimated values of β were both greater than the physiological upper bound considered 

above, thus the physiological applicability of the active stress values were investigated. To do 

this, the extension ratio and active stress at all of the Gauss points of the model were evaluated 

for the given extension ratios and the two sets of optimal parameters: one with small TCa,max and 

β (Top, red square) and the other with large TCa,max and β (Figure 6-4 (Top): pink square). 

Histograms of the fibre extension ratio (λ) (Figure 6-4 (Middle)) at the optimal ES state were 

generated for both cases and the relationship between the active stress (Ta) and extension ratio 

(λ) at all Gauss points was also plotted (Figure 6-4 (Bottom)). In the „pink‟ case, it was noted 

that the active stresses in some regions of the model were negative (i.e. a „lengthening‟ active 

stress), which was not physiologically realistic. Therefore, setting the upper bound for β to the 

value of 4 was necessary to ensure plausible active stress distributions.  

 

 

 



 

                        6.3 Active Parameter Estimation Results 

Page | 137  

 

6.3.1 Homogeneous distribution of TCa 

 

Active parameter estimation was then performed using the subject-specific scheme whereby 

estimates of maximum TCa,max and β were obtained for each of the five animals (Table 6-2). As 

Table 6-2 shows, for three cases (Animal 0917, 0926 and 1024), the estimation of β reached the 

upper bound. The values of TCa,max and β for Animal 0912 seemed reasonable whilst the 

estimated value of β for Animal 1017 appeared to be insignificant (0.01) suggesting that the 

active tension had little dependence on the sarcomere length. The variations in the optimal 

TCa,max values among the five animals were also substantial with a mean (±SD) of 61 kPa (± 23 

kPa). For each set of optimal solutions, the Hessian and scaled Hessian matrices were 

calculated along with the determinants of both matrices (det(H) and det(H’)) and the condition 

number of the Hessian matrix (cond(H)). The small values of det(H) revealed that large 

variations of both parameters existed in these optimisations except for Animal 1017. The small 

condition numbers also suggested that these problems were generally poorly constrained 

(except for Animal 1017). The determinant of the scaled Hessian matrix, which provided an 

indication of the correlation between the two parameters, varied significantly from animal to 

animal with Animals 0912, 0926 and 1017 having large value suggesting no correlation, whilst 

the opposite was found for the other two animals. Therefore, it was difficult to be conclusive 

with this. In general terms, it appeared that β was not well characterised based on the 

information provided by the current tag data. Thus, simultaneously estimating TCa,max and β 

does not seem to be a plausible option. In the context of the above considerations, it was 

decided that β should be fixed at 1.45 (Hunter et al., 1998) for the subject-specific estimations 

of TCa,max listed in Table 6-2.  

When β was excluded from the optimisation, the resulting range of the TCa,max for all five cases 

was reduced with a mean (±SD) of 45 kPa (± 10 kPa), with only a small increase in the RMSE 

compared to Table 6-2. A combined-subjects scheme was also implemented whereby the 

objective functions for all five animals were summed and used to estimate a single value of 

TCa,max that best matched the systolic motion of all five animals. The result for this optimisation 

is shown in the last row of Table 6-3. This optimal estimate of TCa,max was substituted back to 
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each individual animal and the objective function was re-evaluated to assess the sensitivity to 

this parameter. The RMSEs calculated using the combined TCa,max are listed in the last column 

of Table 6-3. On average, a 17% change in the value of TCa,max altered the RMSE by 5%, thus a 

generic TCa,max could model the deformation with little additional error in these normal dog 

hearts.     

Table 6-2: Estimation of TCa,max and β for ES using the subject-specific optimisation scheme.     

             Subject-Specific

Animal TCa,max (kPa) Beta RMSE (mm) det(H) cond(H) det(H')

0912 67 3.57 2.4 0.0099 0.0573 0.9044

0917 91 4.00 3.0 0.0001 0.0006 0.2766

0926 44 4.00 2.9 0.0054 0.0761 0.7478

1017 31 0.01 3.0 0.6046 0.4488 0.9018

1024 70 4.00 2.2 0.0001 0.0003 0.0813  

Table 6-3: Estimation of TCa,max using subject-specific optimisation and combined-subjects 

optimisation with β fixed at 1.45 (Hunter et al., 1998). The RMSE using the value of TCa,max for 

the combined-subject scheme was calculated for each of the animals (last column) for 

comparison.  

Subject-Specific

Animal TCa,max (kPa) Beta RMSE (mm) RMSE (mm) *

0912 55 1.45 2.5 2.7

0917 57 1.45 3.1 3.5

0926 40 1.45 2.5 3.2

1017 33 1.45 2.2 3.1

1024 45 1.45 2.3 2.4

Combined-Subjects

All 41 1.45 3.0

* RMSE evaluated using the parameters estimated using the 

combined approach  
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6.3.2 Heterogeneous distribution of TCa 

 

As RMSEs in Table 6-3 indicate, there was still discrepancy between the predicted and tracked 

material points‟ displacement for all five animals. To this point, the value of TCa was assumed 

to be homogenously distributed over the whole model. It was hypothesised that a heterogeneous 

distribution of TCa would better match the tag data. In other words, introducing heterogeneous 

contractility could provide more degrees of freedom during the optimisation to allow the 

simulated model to better match the experimental tag data.  

This study considered three scenarios whereby variations across three cardiac coordinates of the 

model were studied separately. These were 1) circumferential; 2) longitudinal (base-to-apex); 

and 3) radial (transmural), as illustrated in Table 6-4 (Top). The model was divided into four 

segments separately for each of the circumferential, longitudinal and radial directions. 

Therefore, the number of parameters being estimated increased from one to four in all 

scenarios. For each animal, the TCa listed in Table 6-3 was treated as the initial estimate for the 

heterogeneous TCa estimation and the four parameters were then varied to improve the RMSE. 

The final results are summarised in Table 6-4 (Bottom) with the optimal solutions colour coded 

based on their location in the model.      

By allowing the active stress to vary spatially, a consistent reduction was achieved for all five 

animals, but only to modest extent (up to 33% reduction in RMSE, see Table 6-4). The average 

reductions in the RMSEs along the circumferential, longitudinal and radial directions were 

17%, 4% and 22% respectively. In other words, the variation introduced in the longitudinal 

direction had the least effect on improving the estimation whilst the circumferential and radial 

heterogeneity had greater effect.  

Based on the estimated parameters shown in Table 6-4, there was no consistent pattern in the 

heterogeneous variation of TCa. Due to the lack of a consistent spatial pattern of heterogeneity, 

and also whether or not the optimal solutions were unique (further analyses would be required 

to test this), it was difficult to be conclusive regarding the spatial distributions of active stress 

throughout the LV.    



 

                        6.3 Active Parameter Estimation Results 

Page | 140  

 

Table 6-4: (Top) Three heterogeneous distributions of TCa with circumferential (left), 

longitudinal (middle) and radial (right) variation. (Bottom) Subject-specific estimates of 

heterogeneously distributed TCa (all units are kPa).       

 

                         Circumferential Variation

Animal TCa,max_C1 TCa,max_C2 TCa,max_C3 TCa,max_C4 RMSE (mm)

0912 89 26 56 45 2.2

0917 45 20 63 97 2.5

0926 42 30 30 82 2.7

1017 36 20 54 34 2.6

1024 23 69 21 135 2.0

                      Longitudinal Variation

Animal TCa,max_L1 TCa,max_L2 TCa,max_L3 TCa,max_L4 RMSE (mm)

0912 134 112 31 58 2.4

0917 208 51 31 105 2.9

0926 47 25 73 20 2.9

1017 27 53 25 40 3.0

1024 72 66 41 44 2.4

                   Radial Variation

Animal TCa,max_R1 TCa,max_R2 TCa,max_R3 TCa,max_R4 RMSE (mm)

0912 37 85 33 69 2.0

0917 297 31 99 21 2.2

0926 42 65 48 20 2.5

1017 20 61 20 48 2.5

1024 32 87 42 59 2.0  
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6.3.3. Active Tension Transient 

 

The second aim of this chapter was to obtain temporal profiles of the homogeneous active 

tension TCa during systole for all five animals. This was achieved by utilising the cavity 

pressure trace and the material points‟ displacement information from all frames during systole. 

Firstly, the LVTAG model was solved to the end of inflation using the optimal passive material 

parameters and recorded preload. The reference material points were embedded into the 

reference LVTAG model and their coordinates were updated at ED. Subsequently, the LVTAG 

model was solved to the first frame in IVC using the pressure loading conditions calculated 

from the pressure trace and displacement boundary conditions extracted from the material 

points. The value of TCa was then estimated to best match the material points‟ coordinates for 

that frame. After an optimal solution was found, the estimation then continued to the next 

frame, and continues throughout IVC, ejection, and until the end of rapid filling. 

The estimated TCa transients during systole for all five animals are illustrated in Figure 6-5 

(Left) along with their recorded pressure traces during systole (Figure 6-5 (Right)). To indicate 

the duration of the individual phases during systole, both IVC and IVR were shaded. In all five 

cases, TCa increased rapidly during IVC, and continued to increase during ejection before 

recovering at a slower rate during IVR. The peak TCa extracted from each of the tension 

transients matched with the estimated TCa,max listed in Table 6-3. The RMSEs corresponding to 

each frame during systole and rapid filling for all five animals are presented in Figure G-5 in 

Appendix G.  
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Figure 6-5: (Left) Estimated TCa transients and (right) recorded LV cavity pressure traces 

during systole for all five animals. The shaded areas indicate IVC and IVR. 
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To analyse mechanical function on a regional basis, the fibre stretch ratio, total fibre stress, and 

the work done by the fibres during the cardiac cycle (stress-stretch loop) were computed. The 

regional variations were investigated by plotting the fibre stretch ratio and stress over time as 

well as the work loop at four transmural locations around four equatorial regions of the LVTAG 

model (i.e. anterior, free-wall, posterior and septum). A representative selection of these plots is 

shown in Figure 6-6. The locations and fibre angles of the 16 material points at which regional 

mechanical function was extracted are also illustrated in Figure 6-6. Similar plots for the other 

four animals can be found in Appendix G.  

Fibre stretch ratio 

At the reference state, the fibre stretch ratio (Figure 6-6: left) was initially 1 (resting length) 

throughout the whole model. During diastole, all fibres were stretched beyond their resting 

length by approximately 10% with little spatial variation (both transmural and circumferential). 

Following diastole, Figure 6-6 showed that the fibres for Animal 0912 continued to be stretched 

during the early stage of IVC before shortening took place. The most drastic change in fibre 

stretch ratio occurred during ejection when all fibres shortened as the blood was ejected out of 

the LV. There was little transmural variation in fibre stretch ratios in the anterior and free-wall 

regions of the LV, but significant transmural variation was observed in the posterior and septal 

regions.   

Fibre stress 

Total fibre stress (Figure 6-6: centre) exhibited significant transmural variation during systole 

with epicardial fibres (Figure 6-6: centre, blue trace) developing highest stress and endocardial 

fibres (Figure 6-6: centre, red trace) developing lowest stress for a homogeneous activation of 

TCa. In addition, the fibres reached their peak stresses at different stages of the cardiac cycle. 

For example, the epicardial fibre stress was at its maximum at ES whereas the endocardial fibre 

stress had already achieved its peak at the end of IVC. These transmural and temporal 

variations were almost consistent among all five animals. On the other hand, the regional 

variation around the circumference of the LV wall was less distinct.     
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Figure 6-6: Fibre stretch ratio (left), fibre stress (centre), and fibre stress-stretch loops in four equatorial regions of the LVTAG model 

during the cardiac cycle for Animal 0912, with shading indicating the IVC and IVR phases. 
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Myocardial Work  

The work carried out by localised blocks of myocardium over the entire cardiac cycle was 

examined by plotting fibre stress versus fibre stretch ratio (Figure 6-6: right) and the area within 

this loop was indicative of the amount of work performed. As the figure shows, the 16 work 

loops were significantly different from one another and the areas within each of the loops varied 

from location to location. In particular, the areas enclosed by the four loops in the septal region 

appeared to be the larger than those in the free-wall region. In other words, the fibres located in 

the septal region performed more work than those in the free-wall region. Whilst the work loops 

allowed comparisons at different locations of the ventricle, it did not indicate the type of work 

done by the fibre (i.e. positive work or negative work) or the efficiency of the ventricle. The 

total work can be divided into two categories: positive and negative work (Niederer et al., 

2009b). Positive work is defined as the work done by active contractile fibres as they shorten 

and hence contribute to pump function, whereas the negative work is defined as the work done 

by actively contracting fibres that are subject to stretch and thus do not contribute to pump 

function (Niederer et al., 2009b). To quantify the work done by the whole ventricle, the 

following equations were used (adapted from Niederer et al., 2009b).  
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Following numerical discretisation: 
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for all points with )1,(),(  tnfftnff EE  (shortening), where N=1024 represents the total number 

of Gauss points over  the entire model (typically indexed by element), [T1,T2] is the range of 
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time frames analysed (e.g. only for ejection, etc), )(nw  is the weight at integration point n for 

the 3D Gaussian quadrature scheme, and 
)(

),(


tnG is the deformed 3D spatial Jacobian at Gauss 

point n for time frame t. Note that a backwards finite difference approximation has been used 

for the (generally smooth) rate of change of fibre strain.  

Similarly, 
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for all points with )1,(),(  tnfftnff EE  (lengthening). 

Since the strain rate is negative while the fibres shorten, the value for Wpos will be negative. 

Conversely, Wneg>0 given that the strain rate is positive when fibres lengthen. Whilst the 

convention dictates these signs, both quantities correspond to work that is performed by the 

local fibre on its surrounding tissue. Consequently, the total work is defined as  

negpostotal WWabsW  )(      (6.6) 

The “efficiency” of the ventricle (η)
7
, as defined by Niederer et al. (2009b), is calculated as the 

ratio of the positive (useful) work to the total work. 

 
total

pos

W
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       (6.7) 

The efficiency during each phase of the cardiac cycle was calculated separately. Results for all 

five animals are presented in Figure 6-7. As expected, the value of η was close to 90% (i.e. 

highly efficient) at the end of IVC when most of the fibres were contracting. Efficiency 

continued to increase to nearly 100% at ES when all fibres were contracted, but decreased 

significantly as the fibres relaxed during IVR, and dropped to approximately zero at ED while 

                                                           
7
 Note the term “efficiency” defined by Niederer et al. (2009b) differs to the conventional definition of efficiency 

used in cardiac physiology (Loiselle et al., 2008).   
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the active tension was zero. For all animals, the efficiencies of the models were not exactly 0% 

during diastole, hence non-zero Wpos during diastole. This could be explained by the fact that 

diastole consisted of rapid filling and slow filling and the active tension during rapid filling had 

not returned to zero due to the non-zero pressure. Thus a small non-zero TCa gave rise to a small 

non-zero Wpos,and hence non-zero η.      

 

Figure 6-7: Efficiency (η) of the ventricle during the phases of the cardiac cycle for all five 

animals.    
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Myocardial work (Worki) at each of the 17 American Heart Association (AHA) regions were 

also evaluated by modifying Eq. 6.4.  
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where i is the AHA region index (1-17) and Ni represents the gauss points in region i.   

 

Figure 6-8: Anterior (left) and posterior (middle) views of regional distributions of myocardial 

work evaluated at individual fibres as well as within the 17 AHA regions (right) during 

contraction. 
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Figure 6-8 illustrates anterior (left) and posterior (middle) views of the regional distributions of 

myocardial work evaluated at individual fibres as well as within each of the 17 AHA regions 

(right) for each of the five animals during ventricular contraction. In all cases, the myocardial 

work varied along the long-axis of the LV with the base performing more work than the apex. 

A transmural variation was also evident but less distinct. Homogenous distributions of 

myocardial work were generally observed in the lateral and apical regions in contrast to the 

septal regions of the LV. The peak myocardial work was consistently located at the basal- and 

mid-anteroseptal regions (region 2 and 8) for all five animals.   

 

6.4 Conclusions 

 

In this chapter, integrative FE models were used to analyse LV systolic mechanics and to 

identify the time-varying active tension of five healthy canine LVs. A steady-state active 

tension model was used to drive the LV contraction. The mechanics simulations were firstly 

carried out using the subject-specific DTI fibre orientations, however, the deformations for all 

five animals revealed non-physiological behaviours (swinging and lack of lengthening), which 

did not match the motion of the tag points. When the same simulations were repeated using the 

ADH fibre data, a better agreement between the predicted and tracked tag motions was obtained. 

This indicated that the systolic behaviour was sensitive to the underlying fibre architecture. The 

statistical analysis of the two sets of fibre fields described in Section 3.2.3 suggested that the 

DTI fibre field contained a smaller proportion of vertically oriented fibre angles in the sub-

endocardial and sub-epicardial regions compared to the ADH fibre field. This lack of vertically 

oriented fibres reduced the axial shortening of the LVTAG model during systole for all five 

animals. Due to the fact that the predicted displacements of the tag material points did not 

match those tracked from the tagged MR images, the DTI fibre orientations could not be used 

for estimating active material parameters. Instead, the active parameters estimation was 

implemented using the ADH fibre data.  
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All five individual-subject as well as the combined-subjects estimations of TCa_max at ES were in 

good agreement with other studies that have investigated myocardial contractility and active 

stress (Guccione et al., 1993; Walker et al., 2004; Sermesant et al., 2006b; Walker et al., 2009). 

The inter-subject variability was approximately 10 kPa. The post-optimisation RMSE varied 

between 2.4 mm and 3.2 mm. In an attempt to further improve the match to the tag motion, 

TCa_max was allowed to vary spatially in three patterns (circumferential, longitudinal and radial 

variations). Among the five animals, the amount of reduction in RMSE achieved was not 

significant. Therefore, it was difficult to justify the addition of the extra parameters for the 

heterogeneous active tension field.  

The framework was used to determine the first in vivo estimates of myocardial active tension 

(TCa) throughout the entire cardiac cycle based on the tracked material points and concurrent 

LV endocardial pressure recordings. Subsequent analysis of the regional mechanical function 

such as fibre stress, fibre stretch ratio and in vivo work loops throughout the whole cardiac 

cycle were also carried out. Quantifying work done by individual fibres as well as the whole 

ventricle not only allowed examination of the efficiency of the ventricle, but also provided 

novel information on the regional distributions of work throughout the beating ventricle.  

This concludes the application of the FE models and modelling techniques developed in this 

thesis to parameterise a contraction model and determine in vivo estimates of myocardial 

contractility. The next chapter focuses on using the biophysical model to study HF.  



Chapter 7 Modelling Heart Failure 
 

Aspects of this chapter have been published in Wang et al., Lecture Notes in Computer 

Science 6364: 164-173, 2010; and Wang et al., In: Cardiac Mechano-Electric Coupling and 

Arrhythmias, eds. Franz et al., 2011 (in press). 

 

Investigations into the causes and progression of HF has become a key focus for cardiac 

research. Alterations in the myofibre structure and myocardial material properties can 

potentially account for the progression of HF (Moulton et al., 1996; Zile and Brutsaert, 

2002). The canine LVFE model developed in this thesis was used to investigate some of 

the key factors that contribute to LV dysfunction in HF, and their effects on LV 

mechanical performance were examined using the modelling framework described in 

Chapter 4. The factors considered in this study included ventricular size, myocardial 

passive material properties, and myocardial contractility. By simulating ventricular 

mechanics of the entire cardiac cycle under both normal and HF pathologic conditions 

(dilation and/or loss of anisotropy and/or reduced contractility), it was found that 

dilation and compromised muscle contractility decreased most indices of cardiac 

performance, and that tissue remodelling, which reduces tissue anisotropy, appeared to 

paradoxically improve pumping ability. This modelling framework provides insight into 

the ways in which the tissue and geometric remodelling that occur in the failing heart 

impact on its mechanical function.  

 

7.1 Introduction 

 

Impaired diastolic function (e.g. increased LV wall thickness and wall mass) with 

normal systolic function (i.e. normal ejection fraction) has been found in many HF 

patients (Wang and Nagueh, 2009). Ventricular dilation, characterised by increased 

ventricular mass and wall thinning, is the primary alteration found in systolic HF 
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patients. Generally, the disturbances in physiological, geometrical and/or 

haemodynamic loading conditions are considered to be major triggers of change in wall 

thickness. This can directly result in a remodelling process within the myocytes to alter 

both passive stress (diastolic filling) and active stress (systolic contraction), and thus 

muscle performance during the cardiac cycle.  

Changes in ventricular chamber size and wall thickness are believed to originate from a 

reorganisation of myocardial structure. The occurrence of structural remodelling 

through the progression from diastolic HF (Pope et al., 2008) to decompensated HF has 

been extensively studied (Gilbert et al., 2007). Detailed morphometric measurements of 

3D cardiac tissue architecture has shown that the myocytes surrounded by endomysial 

collagen are arranged in layers or sheets of 3 to 5 cells thick (LeGrice et al., 1995). The 

branched bundles of myocytes enclosed by perimysial collagen are loosely coupled to 

adjacent layers with little direct coupling between cells. The perimysial collagen 

determines the myofibre organisation, which affects its electrical and mechanical 

properties (LeGrice et al., 1995; Costa et al., 1999; Nash and Hunter, 2000; Gilbert et 

al., 2007; Caldwell et al., 2009).  

Discovery of loss of this 3D laminar structure in HF animal studies have brought the 

understanding of this disease to a new level. Significant growth of endomysial collagen 

has been reported by Pope (2011), and studies on rats with hypertensive heart failure 

have revealed a gradual formation of thick sheets of perimysial collagen and long 

perimysial cords that connect those layers (Pope et al., 2008). It was concluded that the 

tissue remodelling process alters the mechanical function of the myocardium by 

enhancing the transmural coupling, but preventing shearing and sliding of adjacent 

layers. The consequent myocardial rearrangement leads to changes in LV wall 

thickness. Myocardial mechanical properties can also undergo changes (Pope, 2011), 

leading to compromised pump function. 

Although many studies have explored the main causes of HF, the relative roles and 

interaction between the contributing factors remains unclear. Investigating the 

individual and combined effects of these pathologies on ventricular performance would 

help in understanding the underlying mechanisms of HF. The FE modelling approach 

developed in this thesis not only allows quantification of global and regional ventricular 
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function, but also enables estimates of regional stress distribution to be determined 

during the progression of HF.  

 

7.2 Methods 

 

The structural model used to study HF was based on the tagged and DTMRI 

information of Animal 0926 and this model was treated as the control case. 

Development of the model has been described in Chapter 3 and an overview of the 

framework can also be found in Wang et al. (2008, 2009). The passive material 

parameters used in this chapter were those estimated in Wang et al (2009), and the 

active parameters were adopted from the HMT model (Hunter et al., 1998). For all 

simulations (both normal and pathological conditions), the end diastolic LV cavity 

pressure (preload) was set to be 1 kPa acting uniformly over the endocardial surface. 

Whilst spatial and temporal variations of cavity pressure have been reported, and 

variations due to pathological changes are also expected during HF, incorporating 

pathology-specific preload was beyond the scope of this study.    

During ventricular systole, myofibre shortening was modulated by a time-dependent 

description of the active tension model ( CaT ) (Eq. 6.2). The tension transient, CaT , was 

initially prescribed based on reported measurements in canine hearts (Sipido et al., 

2000).  The afterload was set to 13 kPa (as observed from the pressure recording) and 

the end of ejection was determined using a peak active tension of 65 kPa to provide a 

typical ejection fraction for the normal case. Throughout the whole cycle, the basal 

position of the LV was fixed, whereas the apex was not constrained. The relationship 

between the LV cavity pressure and volume is illustrated in Figure 7-1 for the normal 

LV model.   
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Figure 7-1: Left ventricular (LV) cavity pressure (left), volume (centre), and pressure-

volume loop (right) during the cardiac cycle for the normal LV simulation. The 

individual phases are: A = passive inflation; B = (shaded) IVC; C = ejection; D = 

(shaded) IVR; E = rapid filling; F = diastasis. 

 

7.3 Modelling of heart failure mechanics 

 

Among the factors that may contribute to the development of HF, the variations in LV 

geometry and myocardial mechanical properties were studied. The detailed pathological 

scenarios are summarised as follows: 

1. ventricular dilation was simulated by increasing the size of the LV cavity by 

25%, 50%, 75% and 100% (Figure 7-2). The enlarged LV cavity mimicked the 

wall thinning and the more spherical shape of the LV observed in HF patients. 

Note that the resting sarcomere length and reference fibre orientation among 

these enlarged models was unchanged from the normal model.  

2. isotropic passive material properties were imposed by modifying the passive 

parameters of the normal transversely-isotropic material relation. This variation 

increased the cross-fibre stiffness to reproduce the effect of growth of 

endomysial collagen, and thus tighter coupling between fibres.  The overall 

stiffness of the LV was held constant by reducing the constitutive parameter C1 

to match the diastolic pressure-volume curve of the normal case.  
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3. reduced contractility was imposed by decreasing the maximum isometric 

tension at resting sarcomere length by 20% from 65 kPa to 52 kPa, while the rate 

of change in active tension was similar to the normal case.  

The effects of LV dilation, loss of tissue anisotropy, and reduced contractility were 

explored using the following case studies: 

 Case 1: Transversely-isotropic stiffness with normal contractility (normal case); 

 Case 2: Isotropic stiffness with normal contractility; 

 Case 3: Transversely-isotropic stiffness with reduced contractility; 

 Case 4: Isotropic stiffness with reduced contractility.  

 

Figure 7-2: Anterior view of FE representation of the normal LV (left), the 50% dilated 

LV (middle) and the 100% dilated LV (right). Endocardial surfaces are shaded red with 

the epicardial surfaces outlined with green lines. Yellow rods illustrate the transmural 

rotation of the fibre orientations across the LV wall. 

To assess LV mechanical function, a series of global cardiac indices (see Table 7-1) and 

a regional mechanical index were analysed. While the global indices can be readily 

compared with studies undertaken using other technologies such as echocardiography 

and MRI, estimates of regional strain and stress can provide more detailed insight into 

the underlying mechanisms of HF on a regional basis.  
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Table 7-1: Summary of global indices used to compare ventricular mechanics across the 

case studies. See text for details. 

Cardiac Index Description Equation 

Ejection Fraction 

(EF, [%]) 

The fraction of blood ejected by 

the LV with each heart beat. 
EDV

ESVEDV
EF

)( 
  

Stroke Volume 

(SV, [ml]) 

The volume of blood ejected by 

the LV with each heart beat. 

ESVEDVSV   

Average Fractional 

Shortening in the 

short-axis plane 

(AFSS, [%]) 

Change in LV diameter in the 

short-axis plane at the equator 

between ED and ES. 

 
LVEDD

LVESDLVEDD
FS


  

Average Wall 

Thickening 

(AWT, [%]) 

Change in wall thickness 

between ED and ES. 

 
EDWT

EDWTESWT
WT


  

 

With reference to Table 7-1, the following indices of LV mechanics were examined: 

ejection fraction [EF (%)], stroke volume [SV (ml)], average fractional shortening in the 

short-axis plane [AFSS (%)] and average wall thickening [AWT (%)]. For the 

calculation of AFSS, the fractional shortening for each of the short-axes (FSY & FSZ) 

was calculated (using the equation shown in Table 7-1, where LVEDD and LVESD are 

the LV dimensions at end diastole (ED) and end systole (ES), respectively), then the 

average of FSY and FSZ was taken to represent the AFSS. For the calculation of AWT, 

the Euclidean distances between adjacent endocardial and epicardial nodes at four 

locations around the LV (anterior, free-wall, posterior and septum) were calculated at 

ED and ES, then used to calculate the wall thickening at each region using the equation 
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provided in Table 7-1. The AWT was set to the average of the four wall thickening 

values.  

 

7.4 Results 

7.4.1 Global Mechanics 

 

Effect of dilation 

The effect of LV dilation on the global cardiac performance is illustrated in Figure 7-3. 

The influence on each of the global cardiac indices was not uniform. For example, 

dilating the normal LV model by 100% resulted in a reduction in the EF by 25%, 11%, 

46% and 34% for Cases 1, 2, 3 and 4, respectively. Moreover, the SV increased for all 

Cases with 25% and 50% LV dilation, but generally decreased as the LV was dilated 

further (except for Case 2). Trends in AFSS and AWT were similar to that of EF with a 

steady reduction with LV dilation for Case 1, 3 and 4, whilst the trend was more gradual 

for Case 2. 

 Effect of tissue remodelling (loss of anisotropy) 

The effect of loss of tissue anisotropy due to remodelling was examined using Cases 2 

and 4 (dotted lines in Figure 7-3). This remodelling had little impact on EF or SV for 

the normal LV (0% dilation). The associated changes in AFSS and AWT were also 

small (+4% and -4% respectively). This was primarily due to the fact that the overall 

stiffness of the LV was similar despite the changes in the relative stiffness between the 

fibre and cross-fibre directions. At all dilation levels, tissue structure remodelling 

resulted in improved mechanical behaviour (larger EF and SV) compared to the 

anisotropic models in Cases 1 and 3 (solid lines in Figure 7-3) regardless of muscle 

contractility. This was supported by the increase in the AFSS (11%) and AWT (6%). 

This paradoxical increase in mechanical performance associated with a loss of fibre 

anisotropy in the dilated LV may be a driver for the microstructural remodelling that is 

known to occur during HF. 
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Effect of reduced contractility 

Compromised contractility significantly reduced the global LV performance in all 

Cases. The decrease in EF, AFSS and AWT for Case 3 had the largest effect when 

combined with LV dilation. Small improvements were observed for the isotropic case 

(Case 4), which again may help to explain the remodelling observed during HF. 

 

Figure 7-3: Changes in cardiac indices: ejection fraction (EF); stroke volume (SV); 

average fractional shortening in the short-axis plane (AFSS); and average wall 

thickening (AWT) with changes in LV dilation. Solid lines correspond to transversely-

isotropic cases with 100% contractility (Case 1: diamonds) and 80% contractility (Case 

3: triangles), whereas dotted lines represent the isotropic cases with 100% contractility 

(Case 2: squares) and 80% contractility (Case 4: circles).  Black lines indicate normal 

contractility, whereas red lines indicate reduced contractility. 
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7.4.2 Analysis of myocardial fibre stretch and stress   

 

To investigate the effects of the different HF factors at the localised scale, myocardial 

stretch and stress throughout the cardiac cycle were also analysed. The circumferential 

(λcc), longitudinal (λll) and radial (λrr) stretch ratios at four material points across the 

equator of the LV free wall (Figure 7-4) were extracted. Figure 7-5 shows the 

comparison between the normal case (top) and the four pathological cases. In all cases, 

circumferential stretch moderately increased during diastolic filling; then rapidly 

decreased (to a greater extent in the subendocardium compared to the subepicardium) 

during the IVC and ejection phases, before returning to resting length following IVR 

and rapid filling. Conversely, radial stretch followed the opposite trend, with a reversed 

transmural gradient. The transmural heterogeneity in the stretch ratios predicted in the 

normal LV, was reduced by LV dilation and even more so when combined with reduced 

contractility. 

 

Figure 7-4: The equatorial slice of the normal LV with arrows indicating the 

transmural locations at which the components of stretch and stress were analysed. The 

fibre angles relative to the LV’s short axis plane are also indicated (counter-clockwise 

positive). Stretch ratios for subendocardial (red), midwall (yellow and green) and 

subepicardial (blue) locations are plotted. 

Longitudinal stretch increased during diastolic filling and continued to increase during 

IVC, which is contrary to clinical observations. And this could be explained by the lack 

of vertically orientated fibres estimated from the DTMRI, as explained in Section 6.2. 

The constitutive relation used in these computations was transversely isotropic, which 

could also have been a factor. However, preliminary simulations using fully orthotropic 
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constitutive properties have in fact shown little effect on base-to-apex length changes. 

On the other hand, further pilot simulations using the same geometric LV model 

embedded with an idealised uniform transmural fibre rotation (epicardium -60 to 

endocardium +90), which was spatially homogeneous around the entire LV, exhibited 

the expected apex-to-base shortening during systolic contraction.   

The fibre stretch ratio (λff) and stress (σff) in the equatorial LV free wall during the 

cardiac cycle were also compared for the normal and pathological cases (Figure 7-6). In 

the normal case, fibre stretch increased during inflation and IVC and then rapidly 

decreased by approximately 20% following the onset of ejection, before gradually 

recovering during IVR and rapid filling. Myocardial fibre stress increased significantly 

during IVC and remained relatively constant during a large portion of ejection, although 

significant transmural gradients were predicted with lowest stresses in the midwall. LV 

dilation again reduced the transmural stress gradients, particularly when combined with 

loss of anisotropy. LV dilation also decreased myocardial work, as indicated by the area 

decrease of the local stress-stretch loops. In particular, the combination of dilation and 

reduced contractility substantially reduced myocardial work, which was primarily due 

to the marked reduction in stroke volume (Figure 7-6). Reduced contractility led to a 

substantial lengthening of the durations of IVC and IVR, which is attributed to the fact 

that the active tension trace was unchanged for all Cases. Changes in the active tension 

transients that are known to occur during HF will likely elucidate further effects 

underpinning the compromised ventricular mechanical function. 

To further investigate regional mechanical behaviour, the total fibre stress developed at 

ED and ES for the normal and 100% dilated LVs was also examined. Figure 7-7 

illustrates spatial variations of the fibre stress for a homogeneous activation of TCa. At 

ED, there was significant variation with highest fibre stress near the endocardial surface 

(due to pressure loading), and lowest near the epicardial surface. The stress distribution 

also varied longitudinally, which is consistent with the heterogeneous fibre orientations 

throughout the LV. The total fibre stress at ES for the dilated LV under different 

pathological conditions is illustrated in Figure 7-8 for comparison. With diminished 

contractility (Cases 3 and 4), the ES volumes were substantially larger (26%) on 

average compared to the models with normal contractility (Cases 1 and 2). 



  

Figure 7-5: Circumferential (left), longitudinal (centre) and radial (right) stretch ratios in the equatorial free wall of the left ventricle 

during the cardiac cycle, with shading indicating the isovolumic contraction (IVC) and isovolumic relaxation (IVR) phases. 
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Figure 7-6: Fibre stretch ratio (left), fibre stress (centre), and fibre stress-stretch loops (right) in the equatorial free wall of the left 

ventricle during the cardiac cycle, with shading indicating the isovolumic contraction (IVC) and isovolumic relaxation (IVR) phases.  
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Figure 7-7: Anterior views of the spatial distributions of the Cauchy stresses evaluated at each 

Gauss point of the normal LV. (a) Passive fibre stress at end diastole (ED) and (b) end systole  

(ES). (c) Active component of fibre stress at ES. (d) Total fibre stress at ES.  

 

Figure 7-8: Anterior views of total fibre stress at end systole  evaluated at each Gauss point of 

the 100% dilated LV for the (a) transversely-isotropic myocardium, (b) isotropic myocardium, 
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(c) transversely-isotropic with reduced contractility, and (d) isotropic with reduced 

contractility. 

7.5 Discussion 

 

 A FE model of the LV, combining geometric information from in vivo MRI tagging and fibre 

orientations from ex vivo DTMRI, was used to investigate LV mechanical behaviour subject to 

alterations of myocardial properties associated with HF, such as changes in structure and/or 

material properties initiated by tissue remodelling. This non-invasive approach to study whole 

ventricular mechanics helps to understand the mechanisms associated with this disease. Whilst 

this study was able to mimic the pathological scenarios suggested by experimental studies, the 

current model suffers some limitations: 

1. Current analyses focused on the LV only. Omission of the RV means that some of the 

key boundary conditions exerted by the RV are not accounted for in the analysis.  

2. The fibre structures used for both normal and pathological cases are constant due to lack 

of data on failed heart. However, with more experimental data becoming available, 

patient-specific geometry and myofibre structures will be possible for this kind of 

analysis.   

3. Characterising subject-specific material properties may also be important for studying 

the global and regional cardiac function. The use of orthotropic constitutive properties 

may also affect the results of this study. In order to account for this, structural 

information regarding the in vivo sheet and sheet-normal orientations is also required. 

Recent advances in DTMRI technology seek a correlation between the third eigenvector 

with sheet-normal direction (Helm et al., 2005). Once these techniques and data become 

available, incorporating such information into this biophysical model will be 

straightforward.    

4. These analyses were carried out assuming there was no change in the activation 

sequence between the healthy and diseased conditions. Accounting for conduction 
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changes and other electrophysiological remodelling may lead to additional effects 

during HF.  



Chapter 8 Conclusions and Future 

Work 
 

FE modelling techniques have been developed to estimate in vivo passive and active 

myocardial material parameters based on subject-specific geometric, kinematic, 

microstructural and loading information of the LV. Both anatomical and functional data 

were acquired using in vivo MRI tagging techniques, whilst structural information from the 

same hearts were obtained using ex vivo DTMRI (see Chapter 3). In addition, these 

integrated FE models incorporated temporally synchronised in vivo loading conditions 

recorded using a pressure transducer in the LV cavity (see Chapter 4). To investigate the 

myocardial constitutive behaviour, passive inflation of the LV was simulated and material 

parameters of a transversely-isotropic constitutive relation were estimated by matching the 

observed displacement field derived from the MRI tagging data (see Chapter 5). These 

customised passive material parameters were then used in simulations of the systolic 

mechanics of the LV to estimate the myocardial contractile properties by matching systolic 

tag displacements, which enabled estimates of myocardial contractile stress and regional 

work (see Chapter 6). This integrative modelling framework was then applied to investigate 

pathological factors that have been implicated in the development of HF to gain insight into 

their interactive effects on the resulting LV dysfunction (see Chapter 7). The main 

contributions of this thesis and the conclusions that have been drawn are summarised in 

Sections 8.1 and 8.2. Future work on improving the modelling framework is discussed in 

Section 8.3.   

 

8.1 Image Analysis and Model Development 

 

FE modelling of the LV allowed the combination of detailed quantitative geometrical, 

functional and structural information from advanced cardiac imaging tools (MRI tagging 

and DTMRI) in order to study regional mechanical function of the heart. The main tools and 

techniques developed are outlined in the following:  
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 Nonlinear FE fitting techniques were used to create five LV FE geometric models 

(LVTAG models) based on the surface information of the LVs derived from five sets 

of in vivo tagged MRI data using an active contouring approach.   

 Following extraction of the LV surface data, the tag lines within the LV myocardium 

from all images were tracked for five animals and displacement fields of a set of 3D 

material points were generated, which was used for tuning mechanical properties of 

the five LVs.   

 To add in the structural information derived from the individual ex vivo DTMR 

images, LVTAG models were firstly fitted to the LV surface contours segmented 

from the DTMR images (LVDTI-TAG model). Subsequently, fibre orientation data 

were fitted to the LVDTI-TAG models and then mapped to the corresponding 

LVTAG models.  

 The five sets of fibre orientation data measured using DTMRI were also compared 

with one set of canine fibre data (ADH fibre data) measured using a histological 

approach. This quantitative comparison revealed substantial differences in the fibre 

angle distributions between the two approaches on both global and regional bases, 

but negligible differences in the angle distributions among the five DTI cases. The 

DTI data lacked vertically orientated fibre vectors near the epicardial and 

endocardial surfaces in comparison to the ADH data.   

 The LV cavity pressure recordings were analysed to provide the average pressure 

trace for each of the five animals, which was used as the loading constraints for the 

mechanics simulations.  

 The tracked positions of the 3D material points located near the epicedial base of the 

LVTAG models were used as displacement boundary constraints (around epicardial 

base) throughout the cardiac cycle for mechanics analysis.  

 

The major limitations of these FE models are : 
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 The mathematical models presented in this study represented only the LV. Other key 

structures such as the RV, atria and pericardium are known to contribute to the 

kinematic and loading constraints at the septum, base and apex, respectively. The 

basal plane motion of the LVTAG model was prescribed to match the tagged MR 

images to mimic the presence of the stiff collagenous valve plane and the atria. 

Effects of the papillary muscles (PMs) were incorporated into the existing LVTAG 

model, however their influence on the mechanical behaviour of the LV model was 

shown to be insignificant given the physiologically-based assumptions in modelling 

PM mechanics. A preliminary investigation on reproducing the effect of pericardial 

pressure on LV wall motion was also carried out, but the results appeared to be 

inconsistent with experimental studies.  

 The structural information currently incorporated in the LV FE models does not 

include imbrication and sheet angles. It was assumed that the all fibres lie in LV wall 

surface planes. Imbrication angles were extracted from the DTMRI data studied 

here, but the resultant angles appeared to be inconsistent with existing research. 

Given that validation for deriving imbrication and sheet angles from the second and 

third eigenvectors of the DTMRI data, respectively, is still underway, the present 

study considered only the fibre angles data.     

 

8.2 Material Parameter Estimation 

 

8.2.1 Passive Material Parameter Estimation 

 

The material parameters of a transversely-isotropic constitutive equation were tuned by 

matching observed kinematic information derived from the MRI using several optimisation 

strategies. Due to the known coupling of parameters for this constitutive equation, all four 

strategies first tuned parameter C1 and the other three parameters (C2-C4) simultaneously. 

Two strategies focused on subject-specific estimation of C2-C4 for each of the five animals 

while C1 was fixed at its (i) individually estimated value; and (ii) average of the individually 



 

8.2 Material Parameter Estimation 

Page | 169  

 

estimated values. Although the parameters estimated using these approaches seemed to be in 

reasonable agreement with existing literature, they varied between the five animals. This 

resulted in different estimates of the passive material responses. Two further strategies 

investigated the combination of kinematic data from all five animals, but in this case the 

different sets of estimated parameters were found to represent similar stress-strain 

behaviour.  

Using the optimal constitutive parameters, there were still errors in the model fits to the in 

vivo motion data. Several factors may have contributed to this: 1) poor quality of the motion 

data during diastole due to fading of the tags; 2) small displacement during diastole due to 

abbreviated filling; 3) choice of the boundary conditions (i.e. no pressure gradient acting on 

the LV endocardium or potential motion tracking error near the base of the LV); 4) lack of 

other key anatomical structures such as the RV, pericardium and atria; 5) coupling of 

parameters due to the nature of the transversly-isotropic constitutive relation. Improving the 

quality of the imaging and experimental protocols, the fidelity of the FE models, or the 

robustness of the constitutive equation would likely improve the quality of the model fits.   

 

8.2.2 Estimation of Contractile Parameters 

 

The estimated passive material parameters were used in models of systolic mechanics to 

parameterise a steady-state active tension model. The systolic mechanics simulations were 

sensitive to underlying fibre structure. The predicted ES models based on subject-specific 

DTI and generic ADH fibre data differed substantially with the latter being much more 

consistent with the motion observed from MRI. Due to the non-physiological motion 

predicted by models based on DTI data, it was decided to perform the estimation of 

contractile properties using the models based on ADH fibre data.  

With a homogeneous distribution of active tension, estimates of the maximum active tension 

(TCa,max) ranged from 33 kPa to 57 kPa among the five animals. In an attempt to better 

match the systolic displacements of the tracked material points, heterogeneity in TCa,max was 

also investigated. However, this additional variation did not lead to significant 

improvements in the predicted motion during systole.  
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8.3 Study of Heart Failure 

 

The FE modelling framework was also used to investigate the relative mechanical effects of 

the following factors known to play a role during HF: 1) LV dilation; 2) loss of anisotropy, 

and 3) reduced contractility. By simulating the cardiac motion throughout the cardiac cycle, 

the individual and interactive effects of these factors on LV mechanics were explored. 

Major conclusions of this study are summarised below: 

 For normal contractility, dilation increased SV but reduced EF. On the other hand, 

compromised myocardial contractility decreased the mechanical performance of the 

dilated LV as characterized by a dramatic decrease in both the SV and EF. 

 The combination of dilation and reduced contractility also markedly reduced the 

average fractional shortening in the short-axis plane and average wall thickening.  

 The loss of fibre anisotropy paradoxically improved the global pump function (i.e. 

EF and SV) for the dilated LV, which had the effect of partially restoring the 

compromised pump function due to dilation or reduced contractility.  

 LV dilation decreased the myocardial work, as indicated by the decrease in area of 

the stress-stretch loops. In particular, the combination of dilation and reduced 

contractility substantially reduced myocardial work.  

8.4 Future Work 

 

Further analyses of both tagged MRI and DTMRI data will allow extension of these models 

to include the RV, which may impose more physiologically-realistic boundary conditions on 

the current models.  

This current mechanics simulation framework did not take residual stress or strain into 

account. Omens and Fung (1990) firstly reported the existence of residual strain in rat LV, 

concluding that the heart is never in a stress-free state, even when unloaded. This brings into 

question the assumption of zero stress at the reference state (diastasis). Nash (1998) 

implemented residual strains into a canine biventricular model using the growth tensor 
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approach proposed by Rodriguez et al. (1994), and found that accounting for residual strains 

did not significantly affect end-systolic mechanics. Whilst in vivo measurements of residual 

strains are not possible, the above approach could be used to test the sensitivity of the results 

in this thesis with respect to various assumptions on residual strain distributions.   

In this study, the passive material behaviour was modelled using a transversely-isotropic 

constitutive equation. This choice was made due to the lack of information on imbrication 

and sheet angles. When such data become available, they could be straightforwardly 

incorporated into the existing modelling framework. A similar study could then be 

performed to estimate parameters of orthotropic constitutive equations to compare the 

different mechanical responses.  

Coupling to a model of the pericardium may improve the predictions of ventricular motion 

using DTI fibre data by adding physiological constraints to the LV. A number of researchers 

have attempted to include a pericardial constraint into their mechanics models to prevent the 

LV from excessive deformation by constructing a model in the prolate spheroidal coordinate 

system (Nash, 1998; Wong et al., 2009). Guccione et al. (2010) also investigated passive 

constraint of a LV model by applying a time-varying pericardial pressure. A better approach 

would involve building a 3D membrane model to represent the pericardial sac, and to add 

frictionless contact constraints between the ventricular epicardium and pericardium to the 

ventricular mechanics models. 

In summary, LV FE models were developed to estimate in vivo myocardial mechanical 

properties by matching observed kinematic information derived from MRI tagging. This 

type of modelling provided insight into regional distributions of myocardial stress, stretch 

ratio and work in normal and failing hearts. Comparing models of healthy and diseased 

states will enable investigation into the underlying mechanisms for LV dysfunction. 



Appendix A Nonlinear Surface Fitting 
 

This appendix demonstrates the process of constructing a LVFE model based on the 

epicardial and endocardial contours manually digitised from a stack of tagged MR images. 

This approach serves as an alternative to extraction of geometric information from the 

images as opposed to the active contouring (Young et al., 1991; Young et al., 1995) method 

described in Chapter 3. Whilst the active contouring method was used in this thesis (Section 

3.1.2) because the same geometric model was used to extract tagging information (thus all 

the tag data can be used), the former approach offers more flexibility during digitisation and 

model construction.   

A.1 Model Creation 

 

To assist the model creation process, all short-axis tagged images were aligned in a 

rectangular-cartesian (RC) cardiac coordinate system such that all voxel coordinates were 

converted from the image coordinate system to the cardiac coordinate system, as illustrated 

in Figure A-1. The image coordinate system had the X and Y axes on the short-axis plane, 

and Z oriented longitudinally and orthogonal to the X-Y plane (Figure A-1 (Left)). 

Converting images to the cardiac coordinate system is a necessary step because this system 

is customised to the particular LV geometry, not to an arbitrary RC coordinate system. This 

also enables registration of information from the same heart but acquired under different 

imaging techniques (such as DTMRI) or physical conditions. The cardiac coordinate system 

is constructed by selecting three landmark points (Figure A-1 (Right)) from the tagged MR 

images: the centroid of the LV (orange) in the most basal slice, the centroid of the RV 

(green) in the same slice, and the centroid of the LV (yellow) in the most apical slice. Once 

the image corners of all short-axis slices were converted to the cardiac coordinate system, 

they were stacked in the Zinc digitiser
8
 for digitisation. The surface contours of the 

endocardial and epicardial surfaces were segmented manually. The papillary muscles were 

omitted at this stage of the modelling work. After digitisation, the surface contour points 

were used to create the FE model since they were already defined in the cardiac coordinate 

system. Figure A-2 (left) shows the 2D view of segmented contours on one equatorial short-

                                                           
8
 http://www.cmiss.org/cmgui/zinc 
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axis MR image (left) with the endocardial surface contour coloured in yellow and the 

epicardial surface contour coloured in green. Figure A-2 (right) shows the 3D view of the 

contour points overlaid with two MR images stacked in the cardiac coordinate system.      

 

Figure A-1: Magnet coordinate system (left) with landmark points for constructing cardiac 

coordinate system (right). See text for explanation.  

 

Figure A-2: Segmented contours on a short-axis MR image in 2D (left) and 3D (right) views 

(yellow: endocardial surface contour, green: epicardial surface contour). 

 

Geometric Model Creation 

To create a LV geometric model in the cardiac coordinate system, an initial regular ellipsoid 

model was first generated, and then fitted to the segmented contours using nonlinear FE 

fitting techniques developed by Nielsen (1987). For convenience, the initial regular model 

was constructed using a prolate spheroidal coordinate system and then converted to the RC 
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cardiac coordinate system before surface fitting. Prolate spheroidal coordinates have 

previously been used to define the heart geometry in order to reduce the number of elements 

needed to represent the complex 3D ventricular geometry (Hunter and Smaill, 1988). Each 

point of the prolate spheroidal coordinate system is defined by orthogonal coordinates  , 

  and  . When performing tissue mechanics analysis, it is more reliable to set up the 

model in RC coordinate system (Nash, 1998; Stevens, 2002). Therefore, the conversion 

between the RC cardiac and prolate spheroidal coordinates is shown in Eq. A.1 and 

illustrated in Figure A-3 (a).   







sinsinμfsinhz

cossinfsinhy

cosfcoshx







     (A.1) 

where f is the focal length of the prolate-spheroidal system,   is the radial coordinate, and 

 is the longitudinal (angle) coordinate and  is the circumferential coordinate.    

 

Figure A-3: (a) Prolate spheroidal coordinate system in relation to the RC cardiac 

coordinate system with focal length denoted by d; (b) local FE material coordinate system 

(Reproduced from Hunter and Smaill, 1988).   

To construct the initial model, the base-to-apex dimension and wall thickness estimated 

from the segmented contours were taken into account to ensure a goof match with the 

surface data. The parameters that characterised this overall shape of the initial model were: 

epi , endo , base and the focal point, which was chosen to be at one third of the long-axis 
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( X ). base  was chosen to be 120° while epi  was set to 1 for the epicardial surface. Thus, 

using the x coordinate of the epicardial apex, the focal point can be evaluated by inverting 

Eq. 2.  

   0cos1coshcoscosh

apexepi

baseepi

apexepi xx
f

  



   (A.2) 

The initial ellipsoid model consisted of 16 tri-cubic Hermite finite elements, including 4 

circumferential elements, 4 longitudinal elements and 1 transmural element (Figure A-4). A 

material coordinate system was also defined such that it was attached to material points and 

moved with the myocardium as it deformed. FE material coordinates ( 321 ,,  ) were 

directly associated with element geometry, with 1  in the circumferential direction, 2  in 

the longitudinal direction (apex-to-base), and 3  in the transmural direction (endocardial 

surface to epicardial surface). The initial regular ellipsoidal model exhibited two pointy 

apexes which introduced geometric discontinuity and was not anatomically realistic, thus 

the derivatives for the two apical nodes were modified to maintain a smooth variation near 

the apical nodes.  

 

Figure A-4: Initial ellipsoidal model with 16 elements and the inset shows the FE 

coordinate system.  

As the Figure A-4 inset shows, each element consisted of 8 nodes except for the most apical 

4 elements, which were made of 6 nodes with the endocardial and epicardial apical nodes 

(red) collapsed to form a wedge shape (highlighted in Green in Figure A-5). Bradley et al. 
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(1997) proposed using collapsed or hanging nodes to cope with complex geometries while 

minimising the total number of nodes required to accurately represent the shape 

information. In this study, the collapsing was necessary to prevent holes forming at the 

apex. Essentially, the 1
  direction in those apical elements disappeared, and the local FE 

coordinate at those locations was different from the rest of the model (Figure A-5). As a 

result of the collapsed nodes, the two apical nodes each possessed 4 versions of each 

parameter. Some of the parameters were required to be mapped between the versions to 

avoid splitting the element face. For example, the nodal positions among all versions had to 

be mapped to be the same values, and the 3  derivative for both apical nodes should be the 

same so that only one line connected the endocardial and epicardial surfaces. The 2
  

derivatives controlling the curvature of the lines originating from the collapsed nodes were 

mapped to have the same value but the opposite sign between the opposite versions (i.e. 

version 1 Vs 3 or version 2 Vs 4) to achieve a symmetric and smooth spatial variation at the 

apex.     

 

Figure A-5: (Left) 2D top view of the four apical elements with endocardial and epicardial 

nodes coloured in red; (Middle) 3D view of apical elements with one element highlighted in 

green; (Right) Local FE coordinate system for an apical element.    

 

Before performing the fit, the initial model was converted to the RC coordinate system. All 

derivatives associated with the transmural coordinate 3  were excluded from the fitting, 

and bi-cubic Hermite basis functions were utilised to approximate spatial variation of 
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geometric information with each element in the 1
  and 2

 directions. The apical positions 

(x, y and z coordinates) of the epicardial and endocardial nodes were predetermined from 

the long-axis tagged MR images and remained fixed at these positions during the fitting. 

The endocardial and epicardial surfaces of the initial regular ellipsoid model were fitted to 

corresponding segmented surface data points using a least squares approach (Nielsen, 1987) 

with the local modelling software, CMISS
9
 (Continuum Mechanics, Image analysis, Signal 

processing and System identification). To implement the surface fitting, the endocardial and 

epicardial data points were projected to their corresponding surfaces; then the overall mean 

squared Euclidean distance (golden arrows in Figure A-6) between the data points (XDn, 

YDn, ZDn) and their projections (XPn, YPn, ZPn) was minimised. The squared Euclidean 

distance of one data point is defined in A.3.  

2222 )()()(
PnDnPnDnPnDnn

zzyyxxe    (A.3) 

 

Figure A-6: Segmented surface data (green dots) and data projections (golden arrows) onto 

the epicardial (left) and endocardial surfaces (right).  

At each iteration, the goodness of the fit was evaluated by calculating the root mean squared 

error (RMSE) defined in. As the total error was minimised, nodal parameters were modified 

to minimize the RMSE and their final values constituted the optimal geometric model, 

shown in Figure A-7.  
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9
  http://www.cmiss.org 
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where N is the total number of data points, 
DnDnDn zyx ,,  are the coordinates of nth data point 

and 
PnPnPn zyx ,,  are the projection of nth data onto the corresponding surface.  

 

Figure A-7: Fitted epicardial surface (left: RMS = 0.33mm) and fitted endocardial surface 

(right: RMS = 0.26mm) overlaid with surface data (green dots).  



Appendix B Host Mesh Fitting 
 

This appendix describes a host mesh fitting scheme developed to warp DTMRI geometry to 

tagged MRI geometry with discussion on the advantages and disadvantages. In this study, 

the standard image resampling technique could not be used to register the DTMR images 

with the tagged MR images for reasons discussed in Section 3.2.2.4. A variant of the free-

form deformation approach was firstly proposed. This method was inspired by the 

usefulness of a host mesh to customise generic model to be subject-specific using a set of 

identified landmark points and target points (Fernandez et al., 2004). In this case, the 

specific aim of using free-form deformation was to warp the DTMRI LV geometry to the 

tagged MRI LV geometry so that fibre information could be incorporated into the LVTAG 

model.  

B.1 Host Mesh Creation 

 

The entire DTMRI surface contours were treated as anatomical landmark points (green) 

(Figure B-1). The target points (red) were the projection of contours (blue) from each 

surface to the corresponding surface on the LVTAG model. Figure B-2 illustrates the host 

mesh fitting process for Animal 0926. To quantify the mapping between these control 

points, both landmark and target points were embedded in a simple host mesh (Figure B-2 : 

left). For each landmark point, a local material coordinate (ξ1,ξ2,ξ3) was calculated with 

respect to the host mesh. Then the Euclidean (total squared error) distance between the 

landmark points and target points was minimized by adjusting the nodal parameters of the 

host mesh. Unlike the surface fitting described in Section 3.1.2.1, all nodal parameters were 

included in this minimisation process. Because the geometry of the host mesh was simpler 

with fewer elements in comparison to the LVTAG model, the computational cost of this 

minimization process was relatively small. This highlights a significant benefit of the host 

mesh fitting technique. 

 

Cube-Shaped  Host Mesh 
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The choice of host mesh can vary from study to study but directly determines the flexibility 

of transformation between landmark and target points. A cube with trilinear interpolation 

function with only 24 DOF (3 coordinates x 8 nodes) did not provide enough parameters to 

find a good match between the large amount of landmark points (total number of data points 

= 7087) and their associated target points. Therefore, increasing the complexity of the host 

mesh by refining the host mesh once in each direction (2x2x2 cube) as well as changing the 

interpolation function from trilinear to tricubic Hermite (producing 648 DOF) was 

necessary.  

 

Figure B-1: Projecting the landmark points (green) to the corresponding surfaces on 

LVTAG model to create target points (red). 
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After minimisation, the new global coordinates of these landmark points were updated 

according to the new global nodal parameters and their local coordinates. To ensure a 

reasonable deformation of the host mesh, Sobelov smoothing with small weights (0.001) 

was again incorporated into the objective function. The goodness of this fit was evaluated 

using the root mean squared (RMS) error of the landmark points before (4.1 mm) and after 

transformation (0.5 mm). The deformed host mesh (gold lines) and updated landmark points 

(gold dots) are illustrated in Figure B-2. The low RMSE indicated that this simple cubic 

host mesh provided a reasonable transformation to match the landmark points with the 

target points. With low Sobelov smoothing weights (0.001 for first order derivatives and 

0.005 for second order derivatives), it was noted that some regions of the host mesh 

experienced undesirable deformation (i.e. folding of element lines, highlighted in Figure 

B-3 and distorted lower elements). Increasing all Sobelov smoothing weights by 10 times 

(0.01 for first order derivatives and 0.05 for second order derivatives) improved the overall 

deformation at the expense of increasing the RMSE from 0.5 mm to 0.7 mm Figure B-2 

(right).  

 

Figure B-2: (Left) Undeformed host mesh (8-Element; DOF:648 ) with landmark points 

(green) and target points (red); RMSE = 4.1 mm. (Middle) Deformed host mesh with low 

Sobelov smoothing weights and updated landmark points (gold) and target points (red); 

RMSE = 0.5 mm. (Right) Deformed host mesh with higher Sobelov smoothing weights and 

updated landmark points (gold) and target points (red); RMSE = 0.7 mm.  



 

B.1 Host Mesh Creation 

Page | 182  

 

 

Figure B-3: Undeformed and deformed host mesh with low Sobelov smoothing; the inset 

shows the folding of some lines at two highlighted nodes.  

In order to maintain a low fitting error and decent host mesh deformation, the 8-element 

cube-shaped host mesh was refined again in all three directions, resulting in a 64-element 

cube (Figure B-4). After minimisation, the RMSE was found to be 0.3 mm and 0.4 mm for 

low Sobelov smoothing weights and higher Sobelov smoothing weights, respectively. Given 

that the pixel size of the DTMR images was 0.3125 mm and the deformed host mesh was 

less distorted than the 8-element host mesh, this level of mesh resolution was sufficient to 

characterise the global transformation between the landmark and target points. Further 

refinement of the host mesh would be fitting the noise in the data.  

 

Figure B-4: (Left) Undeformed host mesh (64-Element; DOF:3000) with landmark points 

(green) and target points (red); RMSE = 4.1  mm. (Middle) Deformed host mesh with low 

Sobelov smoothing weights and updated landmark points (gold) and target points (red); 
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RMSE = 0.25 mm. (Right) Deformed host mesh with high Sobelov smoothing weights and 

updated landmark points (gold) and target points (red); RMSE = 0.38  mm.   

Although the overall fitting error obtained from this free-form deformation process was 

quite small, landmark points at some regions of the surface were not matched well with the 

target points, even with large number of DOF in the fit. This suggests that choosing the 

appropriate resolution for the host mesh is perhaps not enough to best match the target 

points. The shape of the host mesh has an effect on the landmark points‟ transformation on a 

regional basis. Since both landmark and target points were both derived from images of the 

LV, using a host mesh shaped as the LV might be a better alternative.       

 

LV-Shaped Host Mesh 

A host mesh that resembled the shape of the LV was created from a regular prolate spheroid 

model with 16 elements and 34 nodes (Figure B-5). The wall thickness of this regular 

ellipsoid model was customised to encompass all of the same landmark points and target 

points described above. The same optimisation process was implemented to reduce the 

distance between the control points by adjusting the nodal parameters.  

Figure B-5 shows the undeformed host mesh with landmark and target points (left), and the 

deformed host mesh and deformed landmark points with low (middle) and high (right) 

Sobelov smoothing weights, respectively. The RMSE obtained after this minimisation 

process was slightly lower than that for the cube-shaped host mesh, suggesting that 

choosing a host mesh whose shape is close to the data did not improve the fit significantly. 

Refining this host mesh to generate a 64-element model (Figure B-6 : left) reduced the 

RMSE to 0.25 mm with low Sobelov smoothing weights (Figure B-6 : middle) and 0.3 mm 

with high Sobelov smoothing weights (Figure B-6 : right).  
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Figure B-5: (Left) Undeformed host mesh (8-Element; DOF:936 ) with landmark points 

(green) and target points (red); RMSE = 4.1 mm. (Middle) Deformed host mesh with low 

Sobelov smoothing weights and updated landmark points (gold) and target points (red); 

RMSE = 0.48 mm. (Right) Deformed host mesh with high Sobelov smoothing weights and 

updated landmark points (gold) and target points (red); RMSE = 0.57 mm.  

 

 

Figure B-6: (Left) Undeformed host mesh (64-Element; DOF:3408) with landmark points 

(green) and target points (red); RMSE = 4.1 mm. (Middle) Deformed host mesh with low 

Sobelov smoothing weights and updated landmark points (gold) and target points (red); 

RMSE = 0.25 mm. (Right) Deformed host mesh with high Sobelov smoothing weights and 

updated landmark points (gold) and target points (red); RMSE = 0.3 mm. 
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Figure B-7 illustrates the effect of Sobelov smoothing weights, the shape of the host mesh 

as well as the model resolution on RMSE. As indicated, increasing smoothing led to an 

increase in the final RMSE, whereas, for a given set of smoothing weights, increasing mesh 

resolution (DOF) resulted in a reduction in RMSE. Regardless of the number of DOF and 

the amount of smoothing applied, the RMSEs for the LV-shaped model were slightly 

smaller than those with the cube-shaped host mesh.  

 

Figure B-7: Comparison of post host mesh fitting RMSE between a cube-shaped host mesh 

model and LV-shaped host mesh model with low smoothing and high Sobelov smoothing 

weights.  

After registering the DTI geometry with the tagged MRI geometry, the transformation 

obtained through host mesh fitting needed to be applied to all myofibre origins to ensure 

that they were also transformed to the LVTAG model. Because the myofibre altered its 

orientation during this transformation and each myofibre underwent different transformation, 

a deformation gradient tensor was evaluated for each fibre vector, and its rotational 

component was multiplied with the vector to achieve appropriate deformation. The main 

drawback of this approach was that the projection of the landmark points were not material 

points, thus the transformation might not capture the rotation of the LVs between the two 

states. Therefore, the final approach used in the thesis (described in Section 3.2.2.4) adopted 

a FE fitting technique to fit the LVTAG model to the DTI surface data directly to constitute 

a warped model, fitted the fibre angles to the warped model and, lastly, applied the fitted 

fibre fields to the LVTAG model.     



Appendix C Quantifying fibre angle 

change during diastole 

C.1 Fibre Angle Distribution at End Diastole 

 

As described in Section 3.2.3, the DTI fibre orientation data contained less vertically 

orientated fibre vectors near the LV surfaces compared to the ADH fibre data. One possible 

explanation is that the DTI and ADH data were derived from hearts under different loading 

conditions. Specifically, the DTI data were from hearts fixed at end diastole (ED) whereas 

the ADH data was based on the unloaded state of the heart. This appendix investigates 

whether inflation of the LV could account for the differences in the fibre orientation 

distributions. The five LVTAG models with ADH fibre data embedded were solved to ED 

and the resulting fibre angle distributions at ED were extracted.  

 

Figure C-1: (Left) ADH fibre angle distribution at diastasis. (Right) Predicted ADH fibre 

angle distribution at end diastole.  
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In Figure C-1, the left panels illustrate the distributions of ADH orientations embedded into 

the five LVTAG models at the unloaded state, whereas the right panels show the 

distributions of ADH fibre orientations predicted at ED. The mean difference between the 

two distributions was calculated for all five animals. As listed in the table, the mean 

difference ranged from approximately 0° to -0.18°. Thus inflating the LV to end diastole 

resulted in insignificant changes in the fibre orientations during diastolic inflation.  

It was concluded that the difference in loading conditions could not account for the 

observed differences in the DTMRI and ADH fibre angle distributions.  



Appendix D Pressure Traces 
 

This appendix illustrates the recorded pressure traces from each series of experiments as 

well as the averaged pressure for each of the five animals. The LV cavity pressure was 

recorded throughout the entire experiment for each of the animals to monitor the 

hemodynamic status of the animal. The traces shown in Figure D-1 were extracted before 

the image acquisition started because the waves recorded during the image collection were 

contaminated with the MR gradients. In order to calculate the average pressure recording 

over one cardiac cycle, 36 traces from each acquisition (series: SA00, SA90 and LA00) 

were collected and aligned using the imaging trigger from each cycle. An average of the 36 

traces was calculated first followed by calculating the average of the three mean traces 

(series: SA00 (green), SA90 (red) and LA00 (blue)).  

D.1 Average Pressure Traces 

 

Because the respiratory motions of the animals were gated and the hearts were paced at a 

constant rate during the tagging experiments, the pressure traces were temporally well 

aligned (except for animal 0926). The three mean traces overlaid perfectly for animal 1017, 

indicating that the haemodynamic state of the animal was steady and the averaged trace was 

a good representation of the average behaviour of the animal. For animals 0912 and 1024, 

the peak magnitudes of the three mean traces varied slightly between image series. For 

animal 0917, the three mean pressure waves exhibited slightly different slopes (-dP/dt) 

during IVR suggesting different rates of relaxation. For animal 0926, not only had the peak 

magnitude decreased from the beginning (series SA00) to the end (series LA00) of the 

experiment, but there was also an increase in the latency at the start of IVC. This may 

indicate that the physical condition of the animal was deteriorating during the experiments 

possibly due to reaction to the anesthetics. Therefore, the mechanical parameters (both 

passive and active) estimated for this animal should be treated with caution.  
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Figure D-1: Recorded pressure traces for each set of image acquisitions (SA00 (green), SA90 (red) and LA00 (blue)) overlaid with the average 

pressure (cyan) calculated from 36 cardiac cycles and the imaging triggers over 40 cardiac cycles (black) for all five animals.    
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Figure D-2: Recorded pressure traces (green) from two cardiac cycles overlaid with the RA pacing trigger (red) and imaging trigger (blue) 

illustrating the abbreviated diastolic filling phases for animals 0917,1017 and 1024.       



 

D.1 Average Pressure Traces 

Page | 191  

 

Upon further examination of the pressure traces (i.e. over two cardiac cycles), it was noted 

that the pacing triggers (Figure D-2 (red)) for animals 0917 and 1017 occurred at the later 

stage of IVR rather than during early filling as for the other three studies. For animal 1024, 

the pacing trigger occurred in the middle of IVR while the heart was still relaxing. The 

ramification of this timing could be impaired relaxation, which would in turn cause 

incomplete diastolic filling and thus impaired contraction. In other words, the diastolic 

filling stage for these animals may be abbreviated. Therefore, the reliability of the material 

points‟ displacement data derived from these images might be compromised. It appeared 

that the RMS displacements during the slow filling for animals 0917, 1017 and 1024 were 

smaller than the other two cases. It was unclear at this stage whether or not the shortened 

diastolic filling would result in any underperformance during systole. However, this factor 

should be kept in mind when interpreting and comparing the parameters estimated in this 

thesis with other studies.    

  



Appendix E Modelling the LV 

papillary muscles  
 

Solving systolic mechanics using the LVTAG models with subject-specific DTI fibre fields 

revealed that the ES models did not shorten along the long axis of the LV as was observed 

in the tagged MRI. In addition, three ES models (Animals 0912, 1017 and 1024) swung 

towards the septum, whilst one model (Animal 0926) swung away from the septum (see 

Figure 6-1 for illustration). These deformations were also inconsistent with those observed 

from the tagged MR images. After extensive examination of the models, it was postulated 

that insufficient physiological boundary constraints might contribute to the non-

physiological deformation seen in these models. The LVTAG model developed in this thesis 

combined accurate geometric and myofibre architectural information of the LV wall, but 

lacked other anatomical features such as the RV, atria, valves, pericardium and papillary 

muscles (PMs), which all affect cardiac mechanical performance. Among these key 

structures, the role of PMs in regulating cardiac function has proven to be essential (Holmes 

et al., 1995, Axel, 2004). This appendix firstly describes an approach designed to 

incorporate two LV PMs to the existing LVTAG model of animal 0912 which showed the 

largest off-axis swing during systole. The mechanical role they had on the systolic 

deformation is demonstrated and the advantage and further improvements that can be made 

to the PM models are discussed.      

E.1 PM Model Creation 

 

Many medical textbooks have portrayed the PM as a tapered muscle whose base is 

integrated with the LV wall and apex is connected to the chordae tendinae, which is tethered 

to the edges of the atrial-ventricular (AV) valves (Gray et al., 1995, Holmes, et al., 1995, 

Axel, 2004). It has been reported that the contraction of PMs during the IVC and ejection 

phases prevents the AV valves inversion due to the rapid increase in ventricular cavity 

pressure. The LV contains an anterior PM and a posterior PM, and there are two to three 

PMs in the RV (Gray et al., 1995; Axel, 2004), as shown in Figure E-1. The resolution and 

nature of the tagged MR images prohibited accurate identification of PMs during the 



 

E.1 PM Model Creation 

Page | 193  

 

mechanical cycle, but these structures were clearly visible in the DTMR images. Two 

groups of elements designed to represent the anterior and posterior PMs were firstly fitted to 

surface information derived from the DTMR images, and then warped to the in vivo 

LVTAG model using a free-form deformation approach.    

 

Figure E-1: Cross-sectional view of the heart showing the papillary muscles with the base 

and apex of the muscles highlighted (adapted from Gray et al. (1995)).  

The surface contours of the PMs were segmented from the stack of DTMR images. Figure 

E-2 illustrates the 2D (left) and 3D (right) views of the segmented contours for the anterior 

(fawn) and posterior (green) PMs. The endocardial surface (Figure E-2 (left): gold) of the 

LV was also loaded in the digitizer during the contouring of PMs so that overlap between 

the PMs and endocardial surface could be avoided. After segmentation, the surface contours 

were converted to cardiac coordinates prior to FE fitting.  

During the process of designing the extra elements, it became apparent that the mesh 

resolution (4x4x1) of the LVTAG model was not appropriate for the incorporation of the 

two groups of PMs – especially in the junctional region between the LV wall and the bases 
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of the PMs, as highlighted in Figure E-3. It was therefore necessary to refine the LVTAG 

model locally around the junctional area. However, local refinement could potentially 

introduce “hanging nodes” which is less ideal. The idea of “hanging nodes” was first 

proposed by Bradley et al. (1996) in the human torso model. Although hanging nodes 

provide flexibility in adapting simple models to complex ones without global refinement, 

special attention needed to be paid because not only would these nodal parameters have 

multiple versions, but also an appropriate mapping scheme would be required to ensure 

accurate calculation of the nodal parameters during the fit. This level of complexity seemed 

overly complicated for the purpose of this study and a more suitable approach, which 

involved redesigning the wall mesh, was proposed. 

 

Figure E-2: 2D (left) and 3D views of a stack of DTMR images for animal 0912 with 

segmented endocardial surface (gold), anterior papillary muscle (fawn) and posterior 

papillary muscle (green).  

 

Figure E-3: LVDTI model with surface data of the PMs illustrating the necessity of model 

refinement.  
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Following a series of tests, a model with seven circumferential, seven longitudinal and one 

transmural element was shown to have sufficient spatial resolution for a suitable addition of 

the PMs (Figure E-4). Consequently, the LVTAG model was recreated by fitting the new 

initial model to the original surface data, as described in Section 3.1.2. Similarly, the 

LVDTI model was refitted by repeating the fitting procedure described in section 3.2.2 

(Figure E-5).  

 

Figure E-4: A 7x7x1 LVTAG model fitted to the LV surface data tagged MR images.  

 

Figure E-5: 7x7x1 LVTAG model fitted to epicardial and endocardial surface contours from 

DTMRI data.  

The additional groups of elements consisted of five cubic Hermite elements for each of the 

anterior and posterior PMs. Figure E-6 (a) shows the final fitted PMs‟ elements obtained 

using the same nonlinear FE fitting technique.    
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Figure E-6: (a) Basal and (b) septal views of the customised PMs with the corresponding 

surface data.  

The next step was to warp them from their ex vivo DTMRI configuration to the in vivo 

tagged MRI state. It was understood that the hearts were subject to dilation when they were 

excised and fixed at the end diastolic states for the DTMRI experiments (Ennis, 2004). 

Therefore, a host-mesh fitting (free-form deformation) approach was implemented to 

transform the PMs from the inflated DTMRI state to the unloaded state (the same state as 

the LVTAG models). To perform the host mesh transformation, a series of landmark and 

target points were required. The endocardial surface nodes were selected because of their 

close locations to the PMs.  

 

Figure E-7: Wireframe of the LVDTI (left) model with endocardial surface nodes coloured 

in green, and LVTAG (right) model with endocardial surface nodes coloured in red.   
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As Figure E-7 indicates, the landmark points (green) were the endocardial nodes of the 

LVDTI model (ED state), whereas the corresponding target points (red) were the 

endocardial nodes of the LVTAG model (reference unloaded state). The aim of the free 

form deformation was to deform the host mesh by minimising the RMSE between the 

landmark and the target points, and then to apply the transformation to the slave mesh, 

which were the PM models.  

 

 

Figure E-8: (a) Illustration of the host mesh fitting process designed for transforming the 

PMs to LVTAG model.  
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When comparing the LVDTI model with the LVTAG model, it was noted that a global 

scaling was required. Since accurate information on the in vivo shape of the PMs was not 

available, it was assumed that the geometric change between the reference and end diastolic 

state was simple. Therefore, a single cube was used as the host mesh so that a global scaling 

was achievable, yet the transformation was not too complex to cause distortion of the PM 

models.  

The first stage of the host mesh fitting was to embed the landmark and target points in the 

host mesh so that each point was assigned a local FE material coordinate. The nodal 

parameters of the host mesh were then updated as the Euclidean distance between the 

landmark and target points was minimised. This process is illustrated in Figure E-8 (a) 

where the undeformed and deformed host meshes are depicted as green and gold cubes, 

respectively. Once the RMSE was minimised, the positions of the landmark points (gold 

points) were updated according to the deformed host mesh nodal parameters. The second 

stage of this operation, shown in Figure E-8 (b), was to embed the PM models (referred to 

as the slave mesh) into the undeformed host mesh, and determine the new positions and 

shape of the PMs (gold) based on the host mesh transformation.  

To complete the incorporation of PMs to the LVTAG model, fibre orientations of the PMs 

needed to be incorporated. Before establishing the fibre fields of the PMs, the fibre field of 

the wall (LVTAG) model was also refitted due to the changes in the model resolution to 

7x7x1 elements. Careful examination of the DTMRI data revealed that the fibres in the two 

PM regions were predominantly orientated longitudinally along the long axes of the PMs. 

Therefore, the fibre angles of all nodes of the PM meshes were prescribed to be 90º. The 

fibre fields of the wall and the PMs are shown in Figure E-9. Figure E-10 summarises the 

steps designed to incorporate PMs to the LVTAG model. 
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Figure E-9: (a) Septal (left) and anterior (right) views of the fibre field for the refined LV 

wall. (b) Fibre field for the LV PMs.   

 

Figure E-10: Flowchart for creating PMs from DTMR images and incorporating PMs into 

the in vivo LVTAG model.  
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To investigate the role of PMs in systolic mechanics, simulations were performed using the 

refined LVTAG model with and without PMs. Both models were solved from the reference 

unloaded state to the end of IVC using same material properties (passive and active) and 

boundary conditions with base fixed and apex free for the LV wall. To ensure that the 

mechanical behaviour of the PMs was modelled realistically, the physiological boundary 

constraints on the PMs needed to be considered. From the tagged MR images, it was 

difficult to discern the motions of the PMs during IVC due to the orientation of the imaging 

planes. Many researchers have studied the mechanics of PMs and their roles in regulating 

the functions of the valve leaflets and the LV using imaging techniques such as 

cineangiograms, cineradiography or cine MRI (Karas and Elkins, 1970, Holmes et al., 1995, 

Dowsey et al., 2007). Karas and Elkins (1970) performed extensive studies on the positions 

of the valve leaflets, length of the chordae tendineae and length of the PMs throughout the 

cardiac cycle by performing cineangiograms on five dogs under pentobarbital anesthesia. 

They measured the distance between the anterior and posterior mitral valve leaflets and the 

epicardial apex and base of the LV by placing markers at these locations. Similar markers 

were also positioned at the tips of the PMs and the chordae tendineae above the anterior 

leaflet. From the positions of the markers tracked using cineangiograms through one cardiac 

cycle, they made the following major observations: 1) the PMs were relatively relaxed 

during diastole; 2) the length of the chordae tendineae increased (possibly to their maximal 

length) during IVC and decreased during ventricular ejection; 3) there may be an initial 

lengthening of the PMs due to the delayed contraction of the PMs compared to the rest of 

the LV, since the tension development of the PMs is slower than the ventricular pressure 

development (Cronin et al., 1969).  

The timing of the contraction of PMs in comparison to the whole ventricle has been an 

ongoing research topic. Since the major role of the PMs in assisting ventricular mechanics is 

to prevent the prolapse of the mitral valve leaflets, many have postulated that the PMs 

contract slightly earlier in the cardiac cycle to ensure that the valves stay closed during 

systole (Dowsey et al., 2007). Others (Karas and Elkins, 1970, Kaul, 2004) have considered 

that contraction of PMs may not even be necessary to prevent inversion of leaflets given that 

they are quite slack during rapid filling when the valve leaflets are fully open. Given that 

this is still an active research area and modeling the transient behaviour of the PMs was out 

of the scope of this study, the following decisions regarding the mechanics simulations were 
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made: 1) the positions of the apices (tips) of the PMs were not fixed during diastole; 2) the 

distance between the apex of the PMs and the base of the LV was fixed to a constant length 

(mm) during IVC to mimic the effect of valve closure on the wall; 3) the activation levels 

applied to the PMs were set to the same as those applied to the ventricle; 4) pressure loading 

conditions were not applied to the surfaces of the PMs and 5) the passive material properties 

were used for the PMs were the same as those for the LV wall.        

Figure E-11 (a) and (b) show the anterior (top) and septal (bottom) views of the simulated 

LVTAG (7x7x1) models without PMs at ED and end IVC, respectively. According to the 

material points‟ displacements tracked from the tagged MR images of animal 0912 from ED 

to ES, the base-to-apex dimension reduced by 4.7% during IVC, hence the model shortened 

along the long-axis. As Figure E-11 (b) illustrates, the refined LVTAG model without PMs 

lengthened during IVC and the apex swung markedly off-axis (similar to that shown in 

Figure 6-1). The changes in the base-to-apex dimension from ED to ES revealed that the 

model lengthened by 10.4%. With the addition of the PMs, the model still lengthened but to 

a smaller extent (4.1%), however, the swing of the LVTAG model was still marked. 

Although a greater reduction in the base-to-apex dimension was expected with the 

incorporation of the PMs, the simplified boundary conditions and assumptions perhaps 

limited the PMs‟ ability to constrain the longitudinal motion of the LV. It was found that the 

expected base-to-apex shortening could be achieved by increasing the activation applied to 

the PMs but the required magnitude of activation was difficult to justify based on existing 

literature.  

In summary, a model of the PMs customised to subject-specific geometry and realistic fibre 

orientations was constructed; mechanics simulations were performed to investigate the role 

of PMs in regulating the LV motion during IVC. Under this simple scenario, the addition of 

the PMs did not provide enough constraint to prevent the model from lengthening and 

swinging during IVC. However, as more specific information becomes available, this 

framework can be extended to take into account heterogeneity in passive and active material 

properties, and specific displacement and timing of the PMs. 
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Figure E-11: Anterior and septal views of the LVTAG model without PMs at ED (a), end IVC (b), and with PMs at end IVC (c).  



Appendix F Estimation of in vivo 

passive material parameters using 

ADH fibre orientations 
 

This appendix presents results on passive material parameters estimation using the generic 

Auckland Dog Heart (ADH) fibre fields (instead of the individual-specific DTMRI data) 

(Nielsen et al., 1991; LeGrice et al., 1995). Section 6.2 demonstrated the different systolic 

mechanical behaviour observed between the DTI and the ADH fibre fields. Since the model 

deformation with the DTI fibre orientations were inconsistent with the observed 

physiological motion during contraction, the active material properties were estimated using 

the ADH fibre orientations. For consistency, the passive parameters estimation process 

presented in Chapter 5 was repeated with this fibre field and the estimated parameters were 

compared with the DTI cases. This comparison also allowed investigation of the importance 

of subject-specific fibre orientations to identification of passive material properties.   

F.1 Estimating Passive Material Parameters using ADH fibre 

data 

 

The framework presented in this thesis was to develop customised geometric models along 

with customised fibre fields and customised boundary constraints to estimate subject-

specific material parameters. Whilst the geometric and displacement information can be 

obtained using non-invasive techniques in the living subject, the acquisition of the fibre data 

from DTMR images still remains invasive and very difficult in living subject. If subject-

specific fibre orientations are not available for the purpose of mechanical properties 

estimation, a generic set of fibre data can be used.  

Section 3.3.6 demonstrated substantial differences between the DTI fibre orientations and 

the ADH fibre orientations but no obvious differences among the five sets of DTI data. 

Whether or not the disparity between DTI and ADH data would result in different 

mechanical behaviour was unclear. To address this issue, the optimisation procedures 

described in Section 5.3 were repeated for the same five LVTAG models but instead of 
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using fibre fields fitted from the ADH data. The estimated material parameters for these 

studies are summarised in Table F-1.  

With the same initial estimates used in the DTI cases, the values of C1 for each animal were 

different from those estimated with the DTI fibre field. Thus, the estimates of parameters C2 

– C4 were inevitably different from the results shown in Table 5-2. The difference was not 

just confined to the values, but the relationship between fibre stiffness (C2) and cross-fibre 

stiffness (C3) was also reversed compared to the DTI cases. For four animals (the exception 

being animal 1017), the estimated fibre stiffnesses were all smaller than the estimated cross-

fibre stiffnesses. This is not consistent with the previously reported trend for rat, dog or pig 

(Omens et al., 1991; Omens et al., 1993; Augustein et al., 2005) which all reported a greater 

passive stiffness along the fibre axis compared to cross-fibre axes. The post-optimisation 

RMSEs were comparable with those obtained from the DTI cases.    

Table F-1:  Summary of passive material properties for all five animals with fibre fields 

fitted from the ADH data, optimised using two strategies starting from the same initial 

estimates (Omens et al., 1993).  

C1 (kPa) C2 C3 C4

Omens et al., (1993) 1.2 26.7 2.0 14.7

                           Subject Specific Optimisation of C1-C4

Animal C1 (kPa) C2 C3 C4 RMSE  (mm) 

0912 1.3 4.8 6.1 38.0 1.9

0917 4.0 5.5 32.3 1.8 1.1

0926 1.6 3.2 5.8 51.0 1.5

1017 1.6 29.5 0.6 50.2 2.0

1024 1.7 0.5 5.1 13.9 0.3

             Subject Specific Optimisation of C2-C4 with fixed C1

Animal C1 (kPa) C2 C3 C4 RMSE  (mm) 
0912 1.6 1.2 4.4 42.6 1.9

0917 1.6 3.9 9.9 0.6 1.0

0926 1.6 0.3 5.4 40.2 1.5

1017 1.6 23.1 0.5 39.8 2.0

1024 1.6 0.4 14.2 38.2 0.3  
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The parameters estimated using the combined strategies (Table F-2) were also different 

from the individual optimisations. Unlike the DTI studies, the values of C2 and C3 were 

almost identical between the two combined approaches (since the C1 values were similar) 

but the value of C2 was again lower than that of C3.  

Table F-2: Passive material parameters for all five animals with fibre fields fitted from the 

ADH data, optimised using two combined strategies. See text for details. 

                 Combined Optimisation of C1-C4

C1 (kPa) C2 C3 C4 RMS Error  (mm) 

2.2 0.1 6.1 29.4 1.6

     Combined Optimisation of C2-C4 with fixed C1

C1 (kPa) C2 C3 C4 RMS Error  (mm) 

2.0 0.1 6.5 42.6 1.6  

The two different sets of fibre orientations (DTI versus ADH) resulted in fundamentally 

different relationships between the material parameters, hence different material behaviour. 

The lower stiffness in the fibre direction compared to the cross-fibre was inconsistent with 

previous studies, so investigation is needed to gain more insight to the effect of fibre 

orientations to mechanical responses. These results still indicate that the parameters are 

sensitive to the underlying fibre structure, as expected. Given that uncertainty still remains 

in the above passive material parameters, the parameters estimated using the combined 

approach with the DTI fibre data were used in conjunction with the ADH fibre orientations 

for the subsequent studies on quantifying active parameters.        



Appendix G Further Active 

Parameters Estimation Results 
 

This appendix presents further results (similar to those in Sections XX-YY) on the 

estimation of contractile parameters for the remaining four animals. The first section 

investigated parameter identifiability for Animals 0917, 0926, 1017 and 1024. The second 

section shows the estimated active tension transients and the RMSEs during systole for all 

five animals. The last section illustrates the temporal profiles of fibre stretch ratio, total fibre 

stress, and work loops for Animals 0917, 0926, 1017 and 1024.  

G. 1 Parameter Identifiablity 

 

Figure G-1 - Figure G-4 show 3D view and 2D contour plots of the objective function as a 

function TCa,max and β for Animals 0917, 0926, 1017 and 1024, respectively.  

 

Figure G-1: (Left) 3D surface plot of the objective function for Animal 0917 as a function of  

TCa,max and β. (Right) 2D contour plot of the same objective function. 
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Figure G-2: (Left) 3D surface plot of the objective function for Animal 0926 as a function of  

TCa,max and β. (Right) 2D contour plot of the same objective function. 

 

Figure G-3: (Left) 3D surface plot of the objective function for Animal 1017 as a function of  

TCa,max and β. (Right) 2D contour plot of the same objective function. 
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Figure G-4: (Left) 3D surface plot of the objective function for Animal 1024 as a function of  

TCa,max and β. (Right) 2D contour plot of the same objective function. 

As the figures show, the objective function exhibited similar characteristics across all five 

animals. In all five cases, steep gradients existed in the region where both TCa,max and β were 

small. The objective function became extremely flat with large values of TCa,max and β.  

 

Active tension and RMSE transients 

Figure G-5 shows the estimated active tension at each frame of the systole along with the 

RMSE. Discussion on the active tension transients can be found in Section 6.3.  
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Figure G-5: (Left) Estimated TCa transients and (right) RMSEs during systole for all five 

animals. The shaded areas indicate IVC and IVR. 



 

Figure G-6: Fibre stretch ratio (left), fibre stress (centre), and fibre stress-stretch loops (right) in four equatorial regions of the LVTAG model 

during the cardiac cycle for Animal 0917, with shading indicating IVC and IVR. 
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Figure G-7: Fibre stretch ratio (left), fibre stress (centre), and fibre stress-stretch loops (right) in four equatorial regions of the LVTAG model 

during the cardiac cycle for Animal 0926, with shading indicating IVC and IVR. 
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Figure G-8: Fibre stretch ratio (left), fibre stress (centre), and fibre stress-stretch loops (right) in four equatorial regions of the LVTAG model 

during the cardiac cycle for Animal 1017, with shading indicating IVC and IVR. 
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Figure G-9: Fibre stretch ratio (left), fibre stress (centre), and fibre stress-stretch loops (right) in four equatorial regions of the LVTAG model 

during the cardiac cycle for Animal 1024, with shading indicating IVC and IVR. 
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