
University of Central Florida University of Central Florida 

STARS STARS 

Graduate Thesis and Dissertation 2023-2024 

2024 

Characterizing The Material Response Of The Passive Characterizing The Material Response Of The Passive 

Myocardium Myocardium 

Mehlil Ahmed 
University of Central Florida 

Find similar works at: https://stars.library.ucf.edu/etd2023 

University of Central Florida Libraries http://library.ucf.edu 

This Doctoral Dissertation (Open Access) is brought to you for free and open access by STARS. It has been accepted 

for inclusion in Graduate Thesis and Dissertation 2023-2024 by an authorized administrator of STARS. For more 

information, please contact STARS@ucf.edu. 

STARS Citation STARS Citation 
Ahmed, Mehlil, "Characterizing The Material Response Of The Passive Myocardium" (2024). Graduate 
Thesis and Dissertation 2023-2024. 438. 
https://stars.library.ucf.edu/etd2023/438 

https://stars.library.ucf.edu/
https://stars.library.ucf.edu/etd2023
https://stars.library.ucf.edu/etd2023
http://library.ucf.edu/
mailto:STARS@ucf.edu
https://stars.library.ucf.edu/etd2023/438?utm_source=stars.library.ucf.edu%2Fetd2023%2F438&utm_medium=PDF&utm_campaign=PDFCoverPages


CHARACTERIZING THE MATERIAL RESPONSE OF THE PASSIVE MYOCARDIUM

by

MEHLIL AHMED
M.S. University of Central Florida, 2021

A dissertation submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy

in the Department of Mechanical and Aerospace Engineering
in the College of Engineering and Computer Science

at the University of Central Florida
Orlando, Florida

Spring Term
2024

Major Professor: Luigi Perotti



© 2024 Mehlil Ahmed

ii



ABSTRACT

Cardiovascular diseases remain a major public health concern worldwide, with heart failure

emerging as a significant contributor to morbidity and mortality. Among heart failure cases, Heart

Failure with preserved Ejection Fraction (HFpEF) presents a substantial clinical challenge due to

its poor understanding and diagnostic complexity. Despite its prevalence, HFpEF lacks accurate

diagnostic tools, hindering effective prognosis and therapy planning. This study addresses the

knowledge gap surrounding HFpEF and diastolic dysfunction by focusing on the passive

myocardial response during atrial systole, a critical yet understudied aspect of cardiac function.

Current clinical measures, such as left ventricular ejection fraction, have limitations in assessing

HFpEF and diastolic dysfunction due to their lack of specificity and focus on active myocardial

contraction. Additionally, existing studies on myocardial deformation primarily evaluate

ventricular systole, overlooking the passive response during atrial systole. This study proposes to

characterize the passive myocardial response by investigating left ventricular deformation during

atrial systole and integrating motion data with intraventricular pressure to estimate myocardial

material properties. By enhancing our understanding of the passive myocardium, this research

aims, in the future, to enable more accurate diagnosis and therapy planning for patients affected

by diastolic dysfunction and HFpEF.
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CHAPTER 1: INTRODUCTION

Problem Definition and Motivation

In the US, one person dies every 36 seconds and 659,000 people die every year due to

cardiovascular disease (CVD) [67]. CVD is a major public health concern in the US and

worldwide, representing a leading cause of morbidity and mortality. Among CVDs, heart failure

is a growing health problem [46].

42.6%
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10.5%
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(a) (b)

Figure 1.1: (a) Percentage of leading causes of death, USA, 2017.Source: CDC; (b) Percentage of
deaths due to cardiovascular diseases (CVD), USA, 2017 [67]

Heart failure refers to a condition where the heart is unable to pump blood efficiently. It does not

mean that the heart has stopped working, but rather that it is not pumping effectively. Heart failure

can result from various cardiovascular conditions. Roughly 50% of patients affected by heart

failure suffer from Heart Failure with preserved Ejection Fraction (HFpEF) [36], a condition with

1



the same symptoms of heart failure (i.e., shortness of breath, exercise intolerance, and fatigue),

but with preserved ejection fraction (a measure of the amount of blood pumped through the

circulatory system during each heartbeat). Despite several studies and clinical trials [108], HFpEF

is still poorly understood and diagnosed. The inability to accurately diagnose HFpEF hinders

prognosis and therapy planning, consequently compromising the outcome for patients affected by

HFpEF. Several studies suggest that HFpEF is related to diastolic dysfunction and abnormalities

in the passive response of the myocardium [16, 114]. Although the passive myocardial response

is discussed in detail in the section ’The Cardiovascular System and the Heart’ (chapter 1), in

brief, it refers to the myocardium’s behavior in response to mechanical forces when the heart is

not actively contracting. Despite the significance of the passive myocardial response, there are

currently no accurate material models of the passive myocardium, no accepted passive

myocardium material properties, and no accurate description of the cardiac kinematics during

atrial systole, when the response of the myocardium is (mostly) passive. This knowledge gap

poses challenges in understanding the mechanism of diastolic dysfunction and HFpEF.

Available clinical measures, such as left ventricular ejection fraction (LVEF) are frequently used to

evaluate cardiac function. However, LVEF has limitations, as it cannot quantify regional changes

in cardiac function (e.g., regional changes in myocyte contractility) and is mostly linked to the

active myocardial response. In addition to LVEF, myocardial deformation imaging techniques

(e.g., strain echocardiography) have emerged as crucial tools for evaluating cardiac functions and

dysfunctions [94]. Although these tools are very promising, they have been primarily applied to

asses cardiac function during ventricular systole, not atrial systole when the myocardium response

is mainly passive.

This thesis aims to better characterize the response of the passive myocardium by investigating the

left ventricle (LV) deformation during atrial systole and by combining motion data (acquired using

imaging) and intraventricular pressure to estimate the myocardium material properties and laws.
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This study may help improve our understanding of the passive myocardial response and therefore

enable a more timely and effective diagnosis and therapy planning for millions of patients affected

by diastolic dysfunction and HFpEF.

The Cardiovascular System and the Heart

The cardiovascular system or blood circulatory system includes the heart and a closed system of

vessels consisting of arteries, veins, and capillaries. This system is responsible for carrying the

blood from and to the different parts of the body.

The fundamental organ of this system is the heart, which is essentially a muscular pumping

machine. This machine is responsible for maintaining blood pressure. It is located between the

two lungs and slightly left of the sternum or breastbone and is protected by the rib cage. Fig. 1.2

represents a schematic of the human cardiovascular system.

The heart is divided into four chambers. The two upper chambers are the right and the left atria

(RA and LA, respectively). The two lower chambers are the right and the left ventricles (RV and

LV respectively). Each of these chambers plays a crucial role in the heart’s proper functioning.

The RA receives deoxygenated blood and delivers it to the RV through the tricuspid valve. The RV

pumps the deoxygenated blood through the pulmonary valve to the lungs where carbon dioxide is

exchanged for oxygen. Next, the oxygen-rich blood reaches the LA from which it flows to the LV

through the mitral valve (MV). Once the LV receives the blood, it pumps it through the aortic valve

(AV) and ultimately throughout the rest of the circulatory system and the body. The contraction

of the ventricles (corresponding to the pumping function of the heart) happens during systole. In

contrast, the relaxation of the ventricles happens during diastole, which corresponds to the active

relaxation and passive filling of the ventricles. Both active contraction and relaxation are key to

3
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Figure 1.2: Schematic of the human cardiovascular system (Image was drawn starting from [17]).

the proper function of the heart. In this thesis, I will focus on the latter, where the response of the

myocardium is mostly passive.

The passive response of the myocardium, as mentioned earlier, refers to the mechanical behavior

of the myocardium when no active contraction is present. The passive myocardium response

governs the ventricles filling phase (diastole) and therefore is critical in determining the amount

of blood filling the ventricles that can be subsequently pumped through the circulatory system

during each heartbeat. A healthy passive myocardium response enables the heart to efficiently

relax and fill with blood in between contractions [38]. In addition, the passive myocardium

4



behavior plays a crucial role in determining how the ventricles respond to changes in volume and

pressure throughout the entire cardiac cycle.

The passive behavior of the myocardium is due, in part, to the extracellular matrix which acts as a

scaffold for the cardiomyocytes and therefore contributes to the overall mechanical strength and

elasticity of the heart [45]. To understand and model the passive myocardium response, it is

important to consider the multi-scale nature of the cardiac tissue. Fig. 1.3 illustrates the structural

organization of the myocardium at different scales. At the macroscopic scale, the overall structure

and function of the heart muscle is observed. This includes its gross anatomy, such as the

arrangement of chambers, valves, and blood vessels. Techniques used at this scale include

medical imaging modalities like echocardiography, magnetic resonance imaging (MRI), and

computed tomography (CT), which provide detailed images of the heart’s macro-scale structure

and function. Studies at this scale often focus on understanding global heart function, such as

cardiac output (CO), ejection fraction (EF), and contractile properties of the myocardium [152].

The meso-scale lies in between the macroscopic and microscopic scales and involves the study of

tissue organization and properties at an intermediate level [152, 138]. This scale delves into the

overall cardiomyocyte orientation (helix angle) and sheetlet organization. It also includes

studying the mechanical properties of the tissue which can help determine the diseased state (e.g.,

loss of aggregate cardiomyocyte organization) [152]. Techniques such as cardiac diffusion tensor

MRI with a voxel resolution of approx 2 mm and mechanical tissue testing can be used to

investigate the meso-scale structure and function of the myocardium. At the micro-scale, we

examine the myocardium at the cellular scale. This involves studying cardiac muscle cells

individually at the sheetlet and sub-sheetlet levels. Techniques such as histology (which involves

examining thin slices of tissue under a microscope) may be used in this context.
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Figure 1.3: The multi-scale structure and function of the ventricles (Images were drawn starting
from [152])

The study of the myocardium can involve the sub-cellular level as well, where the various

components within the cardiomyocytes are investigated, e.g., the myofibrils (see Fig. 1.4).

Techniques such as electron microscopy and molecular biology methods (e.g.,

Immunofluorescence Microscopy, Immunohistochemistry (IHC) ) are used to investigate the

sub-cellular structure and function within the myocardium [31]. Research at this scale may focus

on the shortening and transverse thickening of single cardiomyocytes and the actin-myosin

cross-bridge cycling mechanism [12, 33, 7], which is the basic functional unit governing

contraction. Indeed, muscle contraction occurs through the sliding filament mechanism, where
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the actin filaments slide past the myosin filaments leading to the shortening of the sarcomeres.

Fig. 1.4a represents the structural hierarchy at the sub-cellular scale [7] and Fig. 1.4b represents a

schematic of actin-myosin binding [117] (further discussed in chapter 2).
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Figure 1.4: (a) Structural hierarchy at the sub-cellular scale; (b) Schematic of actin-myosin binding
(Images were drawn starting from [7, 117])

Understanding the multi-scale structure is crucial for comprehending how changes at the molecular
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and cellular levels, and alterations in the composition, organization, and geometry of the heart

tissue affect its passive mechanical behavior and impact the overall mechanical properties of the

myocardium.

Objective and Primary Contributions of Current Study

The goal of this research is to better characterize the response of the passive myocardium so that

passive myocardium material properties and strains during atrial systole can be adopted in the

future to detect the onset and progression of diastolic dysfunction and HFpEF. These new

biomarkers may pave the way for earlier diagnosis and more accurate prognosis and therapy

planning for millions of patients. To achieve this overarching goal, we pursue three objectives: 1)

We evaluate the pressure-volume relation during end diastole and provide a model to characterize

changes in the passive left ventricular response; 2) We characterize cardiac strains during atrial

systole to define a normal range of expected circumferential, longitudinal, and radial strains

during late filling where the response of the myocardium is mostly passive; and 3) We calibrate a

passive myocardium material law to improve the quantification of myocardium passive stiffness.

We derived and tested these measures using preclinical data acquired in swine subjects.

Organization of Dissertation

This dissertation is divided into six chapters of which this is the first. This chapter provides the

motivation for this study, a brief general overview, and the objectives and primary contributions of

this thesis. Chapter 2 summarizes the previous work in the literature and contextualizes the

current research. Chapter 3 reports a summary of the dataset used in this study and provides a

detailed description of the derived pressure-volume (PV) loops and end-diastolic pressure-volume
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relationship (EDPVR) models. Chapter 4 describes the cardiac kinematics during atrial systole

and analyzes radial and circumferential strains during late filling. Chapter 5 presents the

methodology for deriving passive myocardium material laws and for estimating material

properties from measured kinematics and intraventricular pressure during atrial systole. Chapter 6

summarizes the major findings of this study, its limitations, and suggestions for future work.

9



CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

The main goal of this study is to characterize the response of the passive myocardium. Computing

the material properties and the material laws describing the passive myocardium material

response will involve 1) The analysis of the LV pressure-volume (PV) loops and the end-diastolic

pressure-volume relation (EDPVR); 2) The study of cardiac deformation during atrial systole; 3)

The optimization of the equilibrium between external (i.e., LV pressure from PV loop) and

internal forces (due to the myocardium deformation). Thus, with the intent of situating this

research in the current literature, this chapter will review previous studies on LV PV loops,

EDPVR, the estimation of cardiac deformation and strains, and computational models using

different material models in health and disease.

Pressure Volume loop

The LV PV loop is an important tool for quantifying both LV systolic and diastolic

performances [19] and provides direct information relating to LV chamber pressure and volume.

From the early 80’s, LV PV loops have been serving this purpose [22, 122] and recently they have

become a gold standard for in vivo hemodynamic quantification in animal models [18, 78].

Conventionally, invasive methods, such as cardiac catheterization, can be used to measure the LV

chamber pressure directly. Using conductance catheters [134], pressure and volume data can be

acquired simultaneously, but this procedure is laborious and also has limited accuracy [49, 151].

Many studies use a combination of cardiac catheterization for pressure data and imaging for

volume data [24, 49, 147]. Imaging data may be acquired from echocardiographic or cardiac

magnetic resonance imaging (CMR). Because of their invasive nature, PV loops are not yet

considered a gold standard for clinical research or analysis in human subjects [66, 119]. However,
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there are promising new studies in this area to enable PV loop estimation in a broader patient

population. For example, recent studies proposed an experimentally validated noninvasive

method to compute PV loops, which enables the quantification of systolic and diastolic cardiac

functions using LV volume curves from cardiac magnetic resonance (CMR) images and brachial

pressure [125, 127].

Systolic/diastolic functions from LV PV loops

The LV PV loop can be subdivided into four phases and from each of these phases, different LV

chamber properties can be derived [19, 121]. LV systolic function consists of the contraction of

the LV followed by the diastolic function, which involves the active relaxation and the passive

filling of the ventricles. These functions are essential to understanding and assessing the LV

pathophysiology, especially in heart failure [19]. HFpEF is a form of heart failure characterized

by abnormalities in diastolic function (also defined as diastolic dysfunction or DD). DD is

characterized by abnormal ventricular relaxation and filling patterns (abnormal mechanical

function during diastole) regardless of preserved or reduced EF [106]. In DD, LV diastolic

chamber stiffness increases, thus resulting in incomplete pump function [90]. The intrinsic

resistance of the LV to stretch or expand during diastole is characterized as LV diastolic chamber

stiffness. Another study showed that, in patients with normal EF, increased diastolic chamber

stiffness is also an indicator for diastolic abnormalities [151]. These patients may or may not be

symptomatic.

From LV PV loops several key parameters can be derived to assess the LV systolic and diastolic

functions, e.g., the End-Systolic Pressure-Volume Relationship (ESPVR), the End-diastolic

Pressure-Volume Relationship (EDPVR), the stroke volume (SV), LVEF, the LV relaxation time

constant (Tau or τ ), the LV diastolic chamber stiffness (dPdV), and the diastolic filling pressure.
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The indices of diastolic function and dysfunction are discussed in detail in the next sections as

they are most relevant to the current research.

Computation of indices of diastolic function

There are several indices of the LV diastolic function that can be computed from the LV PV loops.

The maximum rate of increase in volume during diastole (computed as dVdtmax) and the maximum

rate of pressure decline during diastole (computed as dPdtmin) can be calculated by computing the

first derivative of LV volume and pressure respectively with respect to time [53, 106]. As DD

progresses the dVdtmax and absolute value of dPdtmin have been reported to increase [53, 61, 118].

From the isovolumic relaxation phase of the PV loop, the isovolumic relaxation time or IVRT —

defined as the time interval between the closing of the aortic valve (AV) and the opening of the

mitral valve (MV) — can be calculated [101]. The diastolic volume recovery time or DVRT can

be computed by analyzing the isovolumic relaxation and diastolic filling phase. DVRT is defined

as the time interval between the end of systole (ES) and the time when the volume is equal to 80%

of the stroke volume (SV) [102]. In disease — e.g., in the presence of DD, myocardial infarction

(MI), or HFpEF — both IVRT and DVRT are reported to increase [123, 23, 74].

Next, the slope of the end-systolic PVR (written as Ees) — an index of cardiac contractility — can

be determined from different methods available in the literature (e.g., Senzaki et al.’s single beat

estimation method [126]). The arterial system properties can be determined as Ea. Ea is defined

as the effective arterial elastance [132, 55]. After calculating both indices, the ventricular-arterial

coupling (VAC) can be computed as the ratio of Ea to Ees [132, 55]. VAC describes how well the

ventricles and arteries work together to efficiently deliver blood to the body’s tissues and organs.

Therefore VAC is an expression of global cardiovascular efficiency. In healthy humans, VAC has

been reported in the range of 0.6 to 1.2 [131, 34]. Studies involving DD reported an elevated
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VAC [4], which corresponds to decreased ventricular efficiency.

Another important indicator of LV diastolic function and dysfunction is the time constant of

relaxation Tau (τ ), which measures the rate of fall in pressure during the isovolumic relaxation

phase. Several methods are reported in the literature to compute Tau, e.g, τWeiss, [150], τGlantz

[59], τLogistic [92]. Each of these methods has both advantages and disadvantages. τWeiss is the

first method to compute this time constant of relaxation and uses a mono-exponential assumption.

τWeiss assumes that the LV relaxes to zero pressure, which is not generally true. Compared to

τWeiss, τGlantz accounts for the changes in the baseline pressure and therefore has reduced

sensitivity to an increasing preload. However, both τWeiss and τGlantz models depend greatly on the

pressure cut-off point. This point is typically defined as the time when LV pressure reaches a

certain percentage of its peak value during systole. Specifically, the pressure cut-off point is often

set at 10% of the LV peak systolic pressure. This is based on the assumption that by this point,

most of the isovolumetric relaxation phase has occurred, and LV pressure has significantly

decreased from its peak systolic value. Matsubara et al. showed that τLogistic remains constant

across different cut-off points and it does not depend on the pressure cut-off values. In DD and

HFpEF, significantly prolonged τ has been reported in the literature [118].

In HFpEF, while EF is preserved, abnormalities in diastolic function and impaired ventricular

filling can also lead to decreased EF [74]. Variation in one or more of the indices reported above

can indicate diastolic abnormalities and impaired relaxation and therefore offer insight into the

causes of HFpEF.

Computation of LV end-diastolic pressure-volume relationship (EDPVR)

Another indicator of LV diastolic function and dysfunction is the LV passive chamber stiffness

of the myocardium. This property is related to the “resistance” of the LV to stretching during
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early (rapid) and late filling [81, 135]. This can be quantified in vivo from the (EDPVR) [19,

82]. Considering both invasive and non-invasive methods for measuring pressure (see section

‘Pressure Volume loop’, chapter 2), clinical application of the EDPVR is not considered feasible

yet. Indeed, invasive pressure measures can be acquired only in a small patient population given the

risks involved with this procedure. On the other hand, the non-invasive setting still has limitations

due to the several assumptions necessary for its application.

Nevertheless, when feasible, EDPVR serves as one of the key indicators for characterizing

diastolic ventricular function [151]. Mathematical models are commonly utilized to predict the

PV relationship when direct measurements are unavailable [73, 134]. These models provide

insights into the underlying pathophysiology, including parameters related to LV chamber

stiffness, such as the diastolic chamber stiffness coefficient [129, 142, 149]. Studies indicate that

both LV diastolic operating chamber stiffness (dPdV) — it refers to the rate of change of pressure

(dP) with respect to volume (dV) during diastole and quantifies how much the pressure inside the

LV changes in response to changes in volume — and diastolic chamber stiffness coefficients —

derived from the mathematical models and representing the overall stiffness of the LV chamber

during diastole — increase in various cardiac diseases (e.g., MI, HFpEF, HF, LV remodeling,

DD) [11, 13, 129, 157]. Understanding the critical assumptions and factors affecting LV diastolic

properties is crucial for evaluating LV diastolic and systolic functions.

The most widely accepted model to fit the EDPVR is an exponential model. According to this

model, the LV intraventricular pressure P can be written as P = bekV [52, 53, 116, 151], where ‘b’

and ‘k’ are curve fitting parameters and V is the LV cavity volume. Although useful and widely

accepted, this model also presents disadvantages, e.g., it depends on the patient ventricle size and

loss of exponential PV relation at low pressure [96]. Despite these disadvantages, the exponential

model is still being used to predict the EDPVR in many studies [106]. To overcome the loss of

exponential PV relation at low pressure, some studies considered a power model, i.e., P = b+cV γ
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or P = dV γ [19, 73], where ‘b’, ‘c’, ‘d’ and γ are curve fitting parameters. In this context, one of

the widely accepted curve fitting methods is the Klotz model [76], which is a single-beat approach

to evaluate the whole EDPVR from one measured pressure and volume point. The equation is

written as EDP = αEDV β [76] where, α and β are curve-fitting parameters. Klotz model also

can be written as EDP = An(EDV )Bn
n where volume and curve-fitting parameters An, Bn are

normalized [76]. In a more recent study, Wang et al. proposed a cubic polynomial model to obtain

a more accurate fit to the pressure-volume experimental data [49]. Despite predicting a better fit to

the EDPVR, this model needed more than one parameter.

Though most of these models fit the EDPVR from the minimum pressure during diastole to the end

of diastole (ED) [73, 76, 84, 135, 151], some studies have considered fitting the model to predict

EDPVR from diastasis to ED [156]. The hypothesis behind doing so is to capture only the response

of the myocardium where the LV is relaxed [75, 89, 156]. Physiologically, LV diastole is divided

into active relaxation (which includes isovolumic relaxation and rapid recoil or early filling phase),

diastasis or slow filling phase, and the late filling phase (during atrial contraction) [135, 159].

Thus, diastolic dysfunction refers to the disruption in any phase or the combination of the LV

relaxation and filling phases during diastole [82, 159]. In HFpEF and DD, ‘stiff’ cardiomyocytes

are identified as one of the main contributors [15, 140]. The giant cytoskeletal protein titin extends

the sarcomere from the Z disk to the M disk [26, 64, 85]. Titin serves as a spring (it acts as a

spring-like element in both directions of stretch and recoil during the cardiac cycle) which in turn

is responsible for both early diastolic recoil and late diastolic distensibility [64, 69, 85]. During the

‘recoil’ phase titin helps to restore the cardiac sarcomere to its reference configuration [69, 160].

Further, titin is the fundamental contributor to passive tension, which determines the extent of

LV filling and the shortening velocity of the cardiomyocytes [60, 81]. The PEVK segment (a

region of the titin protein molecule characterized by the presence of proline (P), glutamate (E),

valine (V), and lysine (K) amino acids) is one of the key regions of titin responsible for its elastic
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properties. A recent study investigating the effect of titin’s PEVK segment deletion concluded

a significant reduction in viscosity during the early rapid filling phase, indicating its crucial role

in regulating diastolic function [27, 25, 79]. Alterations in the titin structure, such as the PEVK

segment deletion, may influence myocardial stiffness. In conditions like MI and DD, compromised

active relaxation due to reduced elastic energy stored in titin following myocyte contraction has

been observed [135], highlighting the importance of including the active relaxation phase (e.g.,

early filling or rapid recoil) phase for the calculation of LV diastolic chamber stiffness and for

the prediction of the EDPVR model. Based on these observations, this research follows a similar

approach and includes the active relaxation phase in proposing a novel LV EDPVR model that

retains the simplicity of the Klotz approach while providing a more direct assessment of passive

myocardial stiffness and a better approximation of the experimental data.

Cardiac deformation (strain) mapping during atrial systole

The LV ejection fraction (EF) or LVEF is one of the most common clinical measures to evaluate

cardiac function [44]. Despite its widespread use and ability to be computed through routine

clinical exams (e.g., echocardiography, computed tomography (CT), magnetic resonance imaging

(MRI) [44]), EF is not a sensitive measure and is incapable of quantifying regional changes in

cardiac function that are linked to cardiovascular disease (CVD), e.g., due to myocardial

infarction [128].

Aside from LVEF, other measures of cardiac kinematics could be readily computed. For example,

LV strain and strain rate could be computed from echocardiography or MR images to assess the

function of the heart, particularly the LV. They provide detailed information about myocardial

deformation. Studies showed that radial LV wall thickening closely correlates with EF. Yet,

impaired longitudinal strain can still result in preserved radial and circumferential strain in
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patients with DD [104]. In this same study, LVEF was also reported with no significant

differences between the patient (type II diabetes mellitus) and the control group. In contrast, LV

strain and strain rate can detect subtle changes in myocardial mechanics even before significant

alterations in LVEF occur. This sensitivity is particularly important in the early detection of DD,

which may precede systolic dysfunction in certain cardiac conditions. Numerous studies have

concluded that strain and strain rates are more sensitive indices of LV function and dysfunctions

compared to LVEF [40, 143, 41]. Additional research, such as [145, 99], suggests that LVEF

alone may not be sufficient for identifying diastolic heart failure, emphasizing the importance of

considering strain measurements [100].

Since HFpEF has been associated with impaired passive myocardial behavior [21, 158], strains

during the passive filling phase may be an important indicator of the onset and progression of

HFpEF. During early diastole, blood flows passively from the left atrium (LA) to the LV through

the mitral valve (MV), accounting for approximately 70% of the total ventricular filling [57].

Atrial systole occurs late in ventricular diastole, during which the remaining filling

(approximately 30%) occurs passively [57]. Understanding the changes occurring during this late

filling becomes important in many heart diseases (e.g., Ischaemia, Myocardial Hypertrophy [128],

Ventricular Hypertrophy [100], Systolic and Diastolic dysfunction [136], Angina pectoris [14]).

An increased stiffness of the cardiac muscle may hinder ventricular deformation during the

passive filling phase and therefore reduced strains during atrial systole may be a marker of

HFpEF. Part of my work focuses on assessing strains during atrial systole (late diastole) to

provide insight into their magnitudes and their potential use in assessing DD.

To enhance the understanding of LV function, several quantitative strain imaging techniques have

been developed, e.g., Tissue Doppler echocardiography (TDE), Speckle-tracking

echocardiography (STE), Feature tracking cardiac magnetic resonance imaging (FT-CMR)).

Among them, DENSE (Displacement Encoding with Stimulated Echoes) MRI encodes tissue
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displacements by utilizing the phase of the MRI signal [2] and has demonstrated high

reproducibility [88]. In DENSE voxel phase values are related to voxel displacements. DENSE

MRI has been used to primarily evaluate and quantify LV motion during ventricular systole [148]

and minimal analysis using DENSE during atrial systole has been carried out. Although direct

studies are scarce, there is some data available for comparison from 2D echocardiography, which

measures strain rates during atrial systole. These studies reported strain rates during atrial systole

in both healthy and diseased groups.

From these studies, it is evident that impaired LV relaxation in the longitudinal direction (Peak

atrial systolic LV longitudinal strain rate) can be an early predictor in patients with hypertension

(HT) [98]. The longitudinal, radial, and circumferential strain rates found from 50 control

individuals reported in this study were 1.1± 0.2s−1, −1.8± 0.7s−1 and 0.7± 0.3s−1 during atrial

systole. Whereas, the longitudinal, radial, and circumferential strain rates reported in the HT

group were 1.2 ± 0.3s−1, −1.9 ± 0.8s−1 and 0.9 ± 0.3s−1 during atrial systole [98]. In a study

involving patients with left ventricular hypertrophy (LVH), compromised regional diastolic

function has been observed, while the systolic function was preserved [37]. Notably, a reduced

LV circumferential strain rate was reported in the LVH group during atrial systole (1.4 ± 1.0s−1)

versus the control group (1.7 ± 0.9s−1). This underscores the importance of evaluating atrial

systolic strain, even in cases where systolic function is preserved. Another study reported a

stronger correlation between carotid arterial stiffness and diastolic LV longitudinal strain rate

[97]. The existence of cardiovascular risk factors stimulates not only vascular structural changes

but also functional changes with aging. These changes result in a correlation between LV

relaxation and arterial stiffness. This study reported longitudinal, radial, and circumferential

strain rates as 1.3 ± 0.3s−1, −1.4 ± 0.9s−1 and 1.2 ± 0.3s−1 respectively during atrial systole in

the control group. Whereas, the longitudinal, radial, and circumferential strain rates were reported

to be 1.2 ± 0.3s−1, −1.5 ± 0.6s−1, and 1.1 ± 0.3s−1, respectively, among patients with
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cardiovascular risk factors and heart diseases. In a study by Mizuguchi et al. [99], the strain rates

obtained during atrial systole among healthy individuals in the longitudinal, radial, and

circumferential directions were 1.1 ± 0.3s−1, −1.4 ± 0.9s−1, and 1.1 ± 0.3s−1. In this same

study, the patient group was divided into two groups (according to the ratio of early diastolic to

atrial systolic velocity, E/A). In the E/A ≥ 1 group the longitudinal, radial and circumferential

strain rates were 1.2 ± 0.2s−1 , −1.4 ± 0.5s−1 and 1.0 ± 0.3s−1 respectively. Among the

E/A < 1 group, the longitudinal, radial, and circumferential strain rates were 1.4 ± 0.2s−1,

−1.8 ± 0.8s−1 and 1.4 ± 0.4s−1 respectively. This study reported LV strain rates during atrial

systole greater in all three directions in the E/A < 1 group compared to the values obtained in the

E/A ≥ 1 group [99]. In another study by Mizuguchi et al., the longitudinal, radial, and

circumferential strain rates found in 22 control subjects were 1.3 ± 0.3s−1, −1.2 ± 0.8s−1 and

1.2 ± 0.3s−1, respectively. However, the task of translating strain rates into equivalent strain

measures remains challenging due to the variability of strain rates during atrial systole and

potential differences in atrial systole duration among patients and healthy subjects. This study

aims to address this challenge by quantifying values of ventricular strain during atrial systole.

Material Parameters of the Passive Myocardium

Numerical modeling using the Finite Element Method (FEM) has become increasingly popular to

understand the complex cardiac mechanics in health and disease. However, the results obtained

from FEM simulations greatly depend on the constitutive model, whose selection and validation

remain challenging.
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The material or constitutive law for the passive myocardium

The material properties of the cardiac muscle are typically described in the context of constitutive

laws that relate stress (force per unit area) to strain (deformation) under different loading

conditions. The selection of the constitutive laws and their material properties describe the

mechanical response of the tissue that is being observed. Regarding the passive myocardium

material response, the work of Demer et al. [35] and Yin et al. [153] showed with biaxial

experiments that the passive myocardium is anisotropic. In agreement with these early

observations, some of the widely used constitutive laws (e.g., the models of Guccione et al. [62]

and Holzapfel et al. [70]) describe the passive myocardium as an orthotropic material. For

example, the strain energy density function for the passive myocardium material model of

Guccione et al. [62] is written as

WGuccione = α1 exp
[
α2(E

2
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2
ss + E2

nn + 2E2
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where Eff , Ess, and Enn are the Green-Lagrange strains in the fiber f , sheetlet s, and normal-

to-the-sheetlet n directions, respectively; Esn, Efs, and Efn are the Green-Lagrange shear strains

between the fiber, sheetlet, and normal directions; and finally αi are material parameters.

The Holzapfel-Ogden model is a hyperelastic constitutive model that also captures the anisotropic

and nonlinear response of the myocardium [70]. This model is often used when a more detailed

representation of the microstructure is required and has the following strain energy density
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where I4f = f ·Cf , I4s = s ·Cs and I8fs = f ·Cs and αi are material parameters.

In the above strain energy function E is the Green-Lagrange strain tensor E = 1
2
(C−I). C in turn

can be written in terms of the deformation gradient tensor, F as C = FTF. In this study, I will

investigate how to calibrate a constitutive law to describe the response of the passive myocardium.

LV microstructure-based models

In addition to an accurate material model, two of the key elements necessary to model the LV

mechanical response using FEM are the LV geometry and the microstructure of the myocardium.

For patient-specific simulations, the LV geometry should appropriately represent the distinct size

and shape of the patient’s LV. Patience-specific LV geometry can be extracted from routine MRI

exams (e.g., cardiac CINE and DENSE MRI). Next, to formulate an accurate model of the LV, it

is necessary to incorporate the myocardium microstructure to capture its anisotropy. The

microstructure of the myocardium can be incorporated by considering the myofiber orientation.

Myocardial fiber orientation is a critical element for modeling cardiac function and dysfunction as

it can be an indicator of health and disease. It can be estimated from diffusion tensor MRI

(DT-MRI), although acquiring this data remains challenging. As an alternative, in the absence of

experimental data, different rule-based models for the 3D architecture of the myocardium could

be adopted.
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CHAPTER 3: PRESSURE VOLUME LOOPS AND END DIASTOLIC

PRESSURE VOLUME RELATION

This chapter discusses the calculation and analysis of LV pressure-volume loops from experimental

MR and intraventricular pressure data. This includes the development of a model for the end-

diastolic pressure-volume relation (EDPVR). By the end of this chapter, we will achieve the first

objective of this study, which involves the analysis of left ventricular PV loops and the EDPVR.

Experimental data

The data set utilized in this study was part of a larger study intended to identify the material

behavior of the passive myocardium [115] and to characterize cardiac mechanics [141]. As part

of the research, an infarct model was established using female Yorkshire swine subjects. For the

first objective of this study, both subject groups control and myocardial infarction (MI) are used.

Figure 3.1, represents a flow chart that summarizes the data acquisition procedure.

Initially, the study included a total of 16 (N=16) female Yorkshire swine (n=9 control, n=7 with

MI). In each of the groups (control and MI), two subjects had pericarditis. Among the MI group,

one had infarction mostly in the RV and thus all 3 subjects were excluded from further analysis.

For the final study, a total of thirteen (N=13) subjects are considered. Eight (n=8) subjects were

healthy (control group) while infarction was successfully induced in five (n=5) subjects (MI group).

The types of acquired images can be divided into two groups: in vivo and ex vivo. The work

presented in this chapter primarily used cardiac CINE MRI along with pressure data obtained

through in vivo cardiac catheterization. Intraventricular pressure was recorded throughout the MRI

data acquisition [87]. Ex vivo T1 weighted images were used to quantify the percentage of infarct
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in each subject in the MI group for the validation study of the proposed EDPVR model.

CINE MRI

Sampling frequency: 1 ms 

Accuracy ±1 mmHg

Ex-vivo  T1 

weighted
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Slice Thickness:          8 mm

In plane resolution:   1.18 x1.18 mm2

Temporal resolution: ~ 9 ms

Spatial resolution:   1 x1x1 mm3

Figure 3.1: Flow chart representing the acquisition of the data used in the reconstruction of the PV
loops and EDPVR model

Methodology and Data Analysis

The following sections describe the methodology that led to the computation of the intraventricular

pressure during the cardiac cycle, the generation of the LV PV-loops, and lastly the prediction of

the EDPVR models. This is briefly divided into

1. Generation of the pressure curve;

23



2. Generation of volume data from CIM using cardiac CINE MRI;

3. Registration of pressure and volume data and in vivo LV PV-loops generation;

4. In vivo end-diastolic pressure-volume relations (EDPVR);

5. Quantification of in vivo LV cardiac indices;

6. Statistical analysis.

Generation of pressure curve

Intraventricular pressure data was acquired via cardiac catheterization for the subject group control

and MI (N=13). The PowerLab data acquisition system and LabChart software (ADInstruments,

Colorado Springs, CO, USA) were utilized for this purpose and the data was saved as a LabChart

data file (.adicht). These data files contain multiple blocks acquired during different times of the

day and throughout the MRI acquisition period. A dedicated Matlab code [91] was built and

used. The purpose of this code was to load and read the pressure data from the LabChart data

files according to the beginning and end of the acquisition time of the cardiac CINE MRI for

each subject. This procedure guarantees that the pressure data is synchronized with the cine MRI

data utilized for estimating LV cavity volume during the cardiac cycle. As each cine MRI data

acquisition encompasses numerous heartbeats, the calculation of the pressure trace corresponding

to the cardiac cycle during the cine MRI acquisition involved the following:

1. The duration of each cardiac cycle was measured;

2. Each pressure trace was interpolated to the median cardiac cycle duration;

3. The median pressure profile was extracted along with its 95% confidence intervals, which

were acquired at end-expiration.
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Figures 3.2a and 3.2c show LV pressure traces with concurrent cardiac cycle signal (trigger) and

Fig. 3.2b and Fig. 3.2d show beat-averaged LV pressure traces with CI for subject groups control

and MI, respectively. In our study, we used the pressure data at the end-expiration phase to limit

the variation in pressure due to the respiratory motion [147].
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(b) (d)
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Figure 3.2: Intraventricular pressure with concurrent cardiac cycle signal (trigger) for subject
groups control (a) and MI (c). Beat-averaged left ventricular pressure for subject groups control
(b) and MI (d).
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Generation of volume data from CIM using cardiac CINE MRI

A previously validated image segmentation software, ‘The Cardiac Image Modeller (CIM, v8.2,

University of Auckland) [86, 154]’ was used to segment the cardiac CINE MRI data and compute

the LV endocardial or cavity volume during the cardiac cycle. The input for CIM is CINE MR

images acquired during the acquisition procedure. Segmentations were done following the

procedures described in [86, 154]. For the validation of inter-observer variability of the volume

data, each segmentation was done twice by an observer.

(a) (b)

Figure 3.3: (a) LV anatomy segmentation in CIM; (b) LV anatomy segmentation using guide-point
modeling for subject groups control and MI shown at ED and ES phases.

Fig. 3.3a represents the LV anatomy segmentation procedure in CIM and Fig. 3.3b represents the

long axis (LA) images using guide-point modeling in CIM for both subject groups. Fig. 3.3b shows

the end-diastole (ED) and end-systole (ES) phases selected during the segmentation procedure.

26



The LV volume data and EF were extracted from the LV model for each time frame and then

saved from CIM for further analysis. From each of the segmentations, total epicardial, endocardial

(cavity), and wall volumes were also computed. The cavity volumes were further used in the

generation of in vivo PV loops as described in the section ‘Registration of pressure and volume

data and in vivo pressure-volume loop generation’ (chapter 3) and later shown in Figures 3.4b

and 3.4d.

Registration of pressure and volume data and in vivo pressure-volume loop generation

For the registration of the generated pressure following the procedure detailed in the section

‘Generation of pressure curve’ (chapter 3) and the volume data detailed in the section ‘Generation

of volume data from CIM using cardiac CINE MRI’ (chapter 3), a MATLAB code [91] was built.

The volume generated from CIM was interpolated according to the median cardiac cycle length of

each healthy and MI subject. Thus, an equal number of pressure and volume data points were

generated for each subject. The pressure cycles were previously calculated in milliseconds while

generating beat-averaged pressure curves. These pressure points were plotted against volume

points to get beat averaged LV PV loops for each subject as depicted in Figure 3.4. After the

generation of LV PV loops, the opening and closure of the mitral (MV) and aortic (AV) valve as

observed in the cardiac CINE MRI images [63, 133, 144] were identified. These events allow to

separate diastolic filling, isovolumic contraction, systolic (ventricular) ejection, and isovolumic

relaxation.

In vivo end-diastolic pressure-volume relations (EDPVR)

To evaluate the LV EDPVR and diastolic properties between subject groups control and MI, we

focus on the diastolic filling segment of the LV PV loops. As previously discussed (see section
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‘Computation of LV end-diastolic pressure-volume relationship (EDPVR)’, chapter 2), there are

different types of equations – e.g., exponential, cubic, and power fit – available for fitting the

EDPVR. These equations are summarized in [19].

In our study, we isolated the segment from the minimum pressure (P=0 mmHg) during diastole

to the end of diastole (ED). The rationale for doing so is to capture diastolic abnormalities in

any of the regions of the EDPVR curve (e.g., rapid recoil or early filling phase, diastasis or slow

filling, filling due to atrial contraction), as diastolic dysfunction may be due to impairment in any

of these phases (see detailed discussion in section ‘Computation of indices of diastolic function’,

chapter 2). Next, we fitted the pressure curve from minimum pressure during diastole to ED versus

normalized volume using the Klotz and cubic polynomial models (as described in [76] and [49],

respectively). Regarding the Klotz model, as suggested in [76], first, we used coefficients An and

Bn proposed in their study for normalized volume with the equation EDP = An(EDV )Bn
n . The

values used from the Klotz study were An = 28.2 and Bn = 2.79 for normalized volume in

swine data as used in many studies [76, 105]. Using these coefficients, we calculated the predicted

pressure values for this segment by implementing the Klotz method. Furthermore, as outlined in

the Klotz method, we computed the coefficients α and β separately for each subject utilizing their

provided algorithm [76] to calculate the predicted pressure values.

Finally, we fitted the pressure-volume data during diastole using a cubic polynomial as suggested

in [49]. In our case, the Klotz model poorly represented the experimental data. For the cubic

polynomial model, the fitting was better than the Klotz model. However, the cubic polynomial

equation is a representation with 3 coefficients and a constant term for which the physiological

interpretation is difficult. Furthermore, both models fit more than one parameter through the curve-

fitting process.

In this study, we wanted to use a model that can both represent the in vivo LV pressure and

28



volume measurements accurately portraying the LV EDPVR and depends only on one parameter

to represent the EDPVR. Using a normalized volume, we fitted the diastolic PV relation with the

following equation

P = αV β
n (3.1)

where,

• P = Pressure from minimum pressure during diastole to the ED;

• Vn = V−V0

VED−V0
where Vn is the normalized Volume, V is the LV cavity volume from minimum

pressure during diastole to ED, V0 is the volume at minimum pressure during diastole, and

VED is the volume at ED.

• α is the end-diastolic pressure (EDP).

• β is the only parameter to be fitted.

The independently fitted parameter β is related to the LV passive chamber stiffness.

Quantification of in vivo LV cardiac indices

To evaluate LV indices of cardiac function, LV pressure, and volume traces were used. ED and ES

points were identified as described in the section ‘Registration of pressure and volume data and

in vivo pressure-volume loop generation’ (chapter 3). From the LV pressure and volume traces, I

calculated many LV indices such as ejection fraction (EF), Body surface area (BSA), mean arterial

pressure (MAP), stroke volume (SV), cardiac output (CO), cardiac index (CI), ventricular-arterial

coupling (VAC), isovolumic relaxation time (IVRT), diastolic volume recovery time (DVRT) [55,

68, 113]. The slope of the ESPVR, Ees was determined using Senzaki et al.’s single beat estimation
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method [126]. Effective arterial elastance, Ea was calculated using Sunagawa et al.’s method [132].

Following these calculations, VAC was evaluated using VAC=Ea/Ees [48]. We calculated the

isovolumetric relaxation time constant, τ using Weiss et al.’s (τWeiss) method described in [150].

The calculation of IVRT (the time interval between AV closure and MV opening [101] ) and

DVRT (the time interval between ES and the time when the volume is equal to 80% of the stroke

volume [102]) were also carried out. To quantify the LV infarct size (%) in subject group MI,

open-source software ‘3D Slicer’ (http://www.slicer.org) [43] was used. Cardiac T1 weighted

images acquired during the experimental procedure (see section ‘Experimental data’, chapter 3,

figure 3.1) were used as input in 3D Slicer. Segmentations were carried out using both manual

and semi-automatic algorithms. At first, regions were selected manually to calculate the mean and

the standard deviation (SD) of the signal intensity of healthy and infarcted myocardium. Utilizing

these values, the infarcted myocardium was identified as the region with value ≥ mean+ 5SD for

the healthy myocardium) [65, 71]. After completing the segmentation, a whole model (including

both RV and LV) was built in 3D Slicer. Finally, the LV was manually separated and myocardial

infarct volume (in % with respect to LV volume) was quantified.

Statistical analysis

We analyzed the data between two subject groups (control and MI) using an unpaired Student’s

t-test. To do that, first, we tested if our data approximately follows a normal distribution. To test if

the data is normally distributed, statistical tests for normality, e.g., the Shapiro-Wilk test, are used

along with visual inspection through Q-Q plots, which becomes particularly important considering

the small sample size. Q-Q plots, short for Quantile-Quantile plots, compare the quantiles of

data to the quantiles of a theoretical normal distribution. If the tested data points fall along a

straight line in the Q-Q plot, it suggests that the data is approximately normally distributed. After

confirming that the data approximately follows a normal distribution, we proceeded to employ the
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two-sample t-test. This test was chosen due to the normal distribution assumption in both groups.

The tests were performed in MATLAB. A power analysis was conducted using a two-sample t-test

approach. The analysis was performed in G*Power software (latest ver. 3.1.9.7; Heinrich-Heine-

Universität Düsseldorf, Düsseldorf, Germany) [42]. G*Power is a free software designed to aid

researchers in ensuring their studies have adequate sample sizes to detect meaningful effects and

draw reliable conclusions in statistical analyses [42]. The mean, SD, and pooled SD of β were

calculated for both subject group control and MI. With a significance level of α=0.05, using a 2-

tail t-test and post hoc analysis, the computed achieved power was 0.96 [72]. A post hoc power

value of 0.96 with a significance level of 0.05, indicates that, given the observed effect size, sample

size, and significance level, there is a 96% probability of detecting a statistically significant result

if one exists, given the chosen alpha level. We used a total of N=13 subjects combining both

subject groups (n=8 control and n=5 MI) and reported a statistically significant difference in β (

p-value = 0.001 <α = 0.05 ) between the two subject groups. Reporting the Pearson correlation

coefficient along with the p-value is crucial while dealing with smaller sample sizes. While the p-

value’s interpretation varies with sample size, the correlation coefficient provides additional insight

into the relationship’s strength and direction, enriching the interpretation within the sample size

constraints. Thus, correlation coefficients were evaluated using the Pearson correlation coefficient

to examine the degree of correlation of identified β from the proposed EDPVR model with different

LV diastolic and systolic indices for validation purposes. All values are reported as Mean ± SD.

A p-value level <0.05 was considered statistically significant.

Results

All quantified values are reported as Mean ± SD. The mean body mass for control and MI groups

were 46.96 ± 3.80 kg and 59.66 ± 7.43 kg, respectively. The mean LV ejection fraction was
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50.53±7.35 (%) and 41.70±10.72 (%) for the control and MI group respectively. The mean heart

rate (HR) was 87.28± 3.24 beats/min and 89.82± 18.91 beats/min for the control and MI group,

respectively. We also calculated many LV systolic and diastolic functional indices. Statistically

significant differences were observed between the two groups and reported.

LV pressure-volume loops and diastolic pressure-volume relation

Starting from the pressure and volume data, we reconstructed beat-averaged PV loops for each of

the healthy and infarcted subjects. All the PV loops had key features showing the validity of the

proposed pipeline. Each PV loop showed evident isovolumic contraction, an ejection phase, and

isovolumic relaxation followed by ventricular filling. Fig. 3.4a and Fig. 3.4c show LV pressure and

volume plotted with their first derivatives for subject groups control and MI, respectively. Fig. 3.4b

and Fig. 3.4d show the corresponding PV loops for the same subjects. Here the median pressure

profile along with its 95% confidence interval was plotted against the volume that was generated

from CIM and later interpolated according to the median cardiac cycle length. As previously

described in the section ‘Registration of pressure and volume data and in vivo pressure-volume loop

generation’ (chapter 3), the beginning of the atrial systole, ED, and ES phases were identified in the

CINE MRI images and shown in Fig. 3.4. The mean end-diastolic pressure (EDP) and end-systolic

pressure (ESP) calculated for the control group were 7.36± 1.42 mmHg and 67.15± 9.80 mmHg

respectively. Whereas, the mean EDP and ESP calculated for the MI group were 15.75 ± 9.82

mmHg and 93.66 ± 9.07 mmHg respectively. The mean end-diastolic volume (EDV) and end-

systolic volume (ESV) calculated for the control group were 100.21± 13.87 ml and 49.73± 11.61

ml respectively. Whereas, the mean EDV and ESV calculated for the MI group were 165.34±27.29

ml and 98.42 ± 32.61 ml respectively. The mean slope of the ESPVR (Ees) for the subject group

control and MI were 1.42 ± 0.53 and 1.07 ± 0.47, respectively. Effective arterial elastance (Ea)

computed for the subject group control and MI were 1.39 ± 0.40 and 1.41 ± 0.17, respectively.
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Finally, the ventricular-arterial coupling (VAC=Ea/Ees) calculated for the subject group control

and MI were 1.05 ± 0.35 and 1.54 ± 0.65, respectively. The mean isovolumic relaxation time

(IVRT) computed for the subject group control and MI were 99.50 ± 8.96 ms and 113.8 ± 10.38

ms, respectively. The mean diastolic volume recovery time (DVRT) was 235.88± 39.05 ms in the

subject group control and 339.2 ± 193.55 ms in the group with MI. The mean maximum rate of

increase in volume during diastole (dV dtmax) was 358.525±45.26 ml/s and 536.24±72.34 ml/s in

the subject group control and MI, respectively. The mean maximum rate of pressure decline during

diastole (dPdtmin) and τ calculated in subject group control were −1287.51±271.60 mmHg/s and

31.71 ± 5.20 ms respectively. The mean dPdtmin and τ were −2009.30 ± 208.72 mmHg/s and

35.73± 3.40 ms respectively in the MI group.

Klotz predicted fit, Cubic polynomial fit, and Proposed fit of diastolic pressure-volume relation

(PVR)

We fitted the diastolic PV relation using the Klotz method, a cubic polynomial, and the proposed

models (Figure 3.5). The Klotz models with normalized coefficients An and Bn fitted the data

poorly with respect to the Klotz equation obtained by calculating the coefficients α and β separately

for each subject. Thus, the fitted EDPVRs with normalized coefficients An and Bn for the Klotz

model were not shown in Figure 3.5.

We computed the root-mean-squared error (RMSE) between the in vivo measurements and the

Klotz predicted LV pressure, the cubic model, and the proposed model. We also calculated R2 and

adjusted R2 for all cases. For the subject group control, the cubic polynomial fit of the EDPVRs

resulted in smaller errors (0.30± 0.08 mmHg) compared to the Klotz model (0.98± 0.44 mmHg)

and the proposed model (0.38 ± 0.13 mmHg), although the difference between the cubic

polynomial and the proposal model is small. For the subjects with MI, the cubic polynomial fit of
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(c)

Figure 3.4: LV pressure and its first derivative, LV volume and its first derivative (a), and PV loop
for a control subject (b). LV pressure and its first derivative, LV volume and its first derivative (c),
and PV loop for a subject with MI (d).
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MI

Figure 3.5: Raw diastolic PV data overlaid to the Klotz model [76], a cubic polynomial model [49],
and the proposed model for two control subjects (a, b) and two subjects with MI (c, d)

the EDPVRs again resulted in smaller errors (0.43 ± 0.28 mmHg) compared to the Klotz model

(3.79± 3.74mmHg) and the proposed model (0.79± 0.53). In particular, the Klotz model did not

represent well the in vivo EDPVRs for the subjects with MI. The proposed model, despite fitting

only one parameter, resulted in an error comparable to the cubic model, although slightly larger.

The calculated RMSE values from the fitted models are also reflected in Figure 3.5. Figure 3.5a

and Figure 3.5b represent EDPVR fits for two control subjects and Figure 3.5c and Figure 3.5d

represent EDPVR fits for two subjects with MI. In all these cases, the cubic polynomial and the

proposed model represented the experimental data more closely compared to the Klotz model.
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Next, in Fig. 3.6a, we plotted all the EDPVR’s for subject groups control and MI together using

the proposed model representing the relationship between LV pressure and normalized volume.

Three out of five LV EDPVRs for subjects in the MI group shifted to the left compared to the LV

EDPVRs for subjects in the control group.

(a)

(b)

(c)

              

                 

 

   

   

   

   

 

 
 
  

 
   
 
 
  
  
 
 
 
  

       
  

              

                 

 

 

  

  

  

  

 
  
 
 
 
  
  
 
 
 
 
 

                              

       
  

Figure 3.6: Fitted EDPVR with (a) normalized volume, (b) normalized pressure and normalized
volume, and (c) LV passive chamber stiffness coefficient β calculated from the proposed model for
subject group control and MI

From the EDPVR curves of the MI group, the increased slope becomes evident which supports
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what has been previously reported in various studies regarding MI [47, 9, 93]. Next, in Fig. 3.6b

we normalized both pressure and volume and plotted all the EDPVRs for subject groups control

and MI together using the proposed model. By normalizing pressure and volume and plotting

the EDPVR curves together, one can directly compare the diastolic properties of the myocardium

between the control and MI groups, independently of absolute pressure and volume values. In

the normalized plot, the EDPVR curves for the control group are closer to a straight line. In

contrast, the EDPVR curves for the MI group exhibited a more non-linear trend with a steeper ED

slope. This suggests that the myocardium in the MI group has altered diastolic properties, such

as increased stiffness or decreased compliance at ED, compared to the control group. The steeper

slope indicates that a greater increase in pressure occurs for a given increase in volume, reflecting

impaired diastolic function and reduced myocardial distensibility. In contrast to the cubic model

and Klotz predicted EDPVR, only one parameter (β) was determined for the proposed model,

which can be directly associated with the passive chamber stiffness. We also observed a statistically

significant difference in β (p = 0.001, p < 0.01) between the two subject groups (control and MI).

The mean values of the coefficient α (which is the EDP for each subject) for control and subjects

with MI were 7.36 ± 1.42 mmHg and 15.75 ± 9.82 mmHg, respectively. Fig. 3.6c represents all

β coefficients for the control and MI groups together. The mean β for the control and MI groups

were 1.48± 0.26 and 3.49± 1.34, respectively (p = 0.001 between the two groups).

We also calculated the diastolic chamber stiffness dP/dV. The mean dP/dV calculated from the

fitted EDPVR using the proposed model at ED were 0.29±0.06 mmHg/ml vs 1.23±1.01 mmHg/ml

(control vs MI), which also showed a statistically significant difference (p = 0.02) between the two

subject groups.
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0.92 ± 0.28   0.67 ± 0.05   0.59 ± 0.20   0.49 ± 0.05   0.29 ± 0.02

1.4 ± 0.28   1.47 ± 0.25   1.67 ± 0.20   1.41 ± 0.07   1.23 ± 0.45

or

Figure 3.7: LV chamber stiffness dPdV from similar studies and calculated from the proposed
model.

Fig. 3.7 illustrates dPdV values across different studies using swine subjects [11, 20, 129, 149]

(dPdV values are reported as mean ± SEM, where SEM= Standard error of the mean). All of these

studies investigated swine models with either MI [13, 129, 149] or DD [11] and reported elevated

dPdV among the diseased groups using an exponential model fit [11, 13, 149].

Relationship between β and different LV diastolic indices

A larger β value corresponds to an increased infarct size, absolute value of dPdtmin, τ , isovolumic

relaxation time (IVRT), diastolic volume recovery time (DVRT), dV dtmax, and ventricular-arterial

coupling (VAC). On the contrary, as β increased, EF decreased. We also reported a strong negative

correlation between VAC and EF. We reported the Pearson correlation coefficients and significant
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p-values (p-value <0.05) in support of our argument for each of these correlations in Table 3.1 and

Figs. 3.8, 3.9, and 3.10.

Table 3.1: Relationship between β and different LV indices. *p <0.05, †p <0.01, ‡p <0.001.

Parameters (N=13) r

Infarct size(%)∗ 0.90

EF† -0.67

dPdt∗min 0.61

τ ∗ 0.65

IVRT† 0.71

DVRT† 0.70

dVdt†max 0.72

VAC† 0.71

(VAC vs EF‡ -0.99)
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(a) (b)

Figure 3.8: Relationship between (a) β and infarct volume (in %); (b) β and EF(%)

(a) (b)

              

      

 

   

 

   

 

   

 
 

 

         

       

  

          

         

           

Figure 3.9: Relationship between (a) β and VAC; (b) EF and VAC

40



(a) (b)

(c) (d)

(e)

Figure 3.10: Relationship between β and different LV diastolic indices
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Comparison of β with dPdV

The diastolic chamber stiffness – dPdV at ED – was calculated from the proposed model for each

subject in the control and MI groups. We compared the computed dPdV from the proposed model

with previous studies available in the literature and using swine subjects (see Fig. 3.7). The dPdV

reported at ED presented in this study aligns well with previously reported ranges documented in

the literature for both the control and MI groups.

Further, we compare dPdV at ED with the coefficient β. Fig. 3.11a shows the variation in dPdV

as a function of β computed from the proposed model. We observed a strong positive correlation

between β and dPdV (r = 0.87, p <0.0001). Next, to understand if other possible measures of

cardiac function correlate to β, we analyzed EDP/SV as a function of β (Fig. 3.11b) and EDP/SV

as a function of dPdV at ED (Fig. 3.11c). We observed a moderate positive correlation between

EDP/SV and β and a strong positive correlation between EDP/SV and dPdV at ED. These positive

correlations suggest that as LV chamber stiffness increases (indicating impaired filling), there is a

corresponding increase in LV end-diastolic pressure relative to stroke volume. In other words, the

heart is working against higher resistance during diastole, leading to elevated LV pressure levels

for a given LV volume.
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Figure 3.11: Relationship between β and dPdV with EDP/SV.
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Discussion

This study describes a new curve-fitting modeling framework for the EDPVR where only one

parameter, β, needs to be determined. The model represents the portion of the PV loop extending

from the minimum pressure during diastole to ED. The constructed model can be referred to as an

“averaged diastolic PV curve” or “predicted diastolic PV relationship”. The coefficient β in the

proposed EDPVR model characterizes the LV pressure-volume non-linearity during rapid filling,

diastasis, and atrial systole. Unlike dPdV, it doesn’t solely represent the LV chamber stiffness at

ED, but represents the ventricular response across the whole filling phase, offering a

comprehensive insight beyond a single cardiac phase.

A fiber optic pressure transducer was used for real-time 3T MRI-guided cardiac catheterization.

Thus, intraventricular pressure was recorded at the same time as the imaging data was

acquired [87]. This provides the opportunity to register the pressure and volume acquired at the

same time for each of the subjects, unlikely many other studies in which pressure and image

acquisition are sequential [147]. The CINE MR images acquired during the procedure (see

section ‘Experimental data’, chapter 3) were high resolution and therefore ideal for LV and

volume data segmentation using CIM. Given the high-quality data and processing pipeline, the

PV loops built in this study exhibited all the well-known features of classic PV loops like an

evident isovolumic contraction, ejection, isovolumic relaxation, and ventricular filling phases.

Along with these features, our PV loops showed the presence of the “atrial kick”. This was

previously shown in Fig. 3.4b, d and further illustrated in Fig. 3.12.
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(a)

Control MI

(b)

Atrial 

kick

Atrial 

kick

Figure 3.12: PV loop showing classical features and an evident atrial kick for a control subject (a)
and a subject with MI (b).

The diastolic (passive) chamber stiffness of the myocardium is one of the main indicators of

diastolic abnormalities. Although the clinical application of the EDPVR is not considered feasible

yet (see previous detailed discussion in section ‘Pressure Volume loop’, chapter 2), diastolic

(passive) chamber stiffness of the LV is being quantified in vivo from the EDPVR [19].

Several mathematical models, including mono-exponential, power, and linear models, are utilized

to fit the LV diastolic phase and predict the PV relationship in various studies [73, 134]. These

models often involve fitting multiple parameters to the available PV data during diastole, may

depend on the patient ventricle size, and may suffer from the loss of exponential PV relation at low

pressure. In our study, we focus on identifying the diastolic (passive) chamber stiffness coefficient,

which serves as the only fitted parameter. After discussing the exponential model (see section

‘In vivo end-diastolic pressure-volume relations (EDPVR)’, chapter 3), we first evaluated EDPVR

following the Klotz model and Cubic polynomial model. In the first case, the Klotz model was
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unable to represent the experimental data accurately. Although the cubic polynomial model was

able to represent the experimental data more closely, we aimed to develop a model requiring fewer

parameters for fitting. Parameters evaluated from the proposed model can be directly linked to

diastolic (passive) chamber stiffness.

As previously reported in many studies, LV distensibility is greatly impacted by LV chamber

geometry [112]. If LV walls are thicker compared to the control group, it becomes harder to push

out blood during systole. This may give rise to the leftward and upward shift of the EDPVR as

depicted for 3 of the subjects in the MI group (Fig. 3.6a). On the contrary, EDPVR for 2 of the

subjects from the MI group shifted rightward and downward. The variations in EDPVR observed

among subjects in the MI group can be attributed to the diverse responses of the myocardium to

MI. Overall, the combination of increased passive chamber stiffness and both the leftward and

upward, rightward and downward shift in the EDPVR curve in the MI group reflects the possible

complex interplay between myocardial remodeling, fibrosis, hypertrophy, and altered diastolic

properties following MI.

In Figure 3.6b by normalizing both pressure and volume and plotting the EDPVR curves together,

we directly showed a comparison of the diastolic properties of the myocardium between the control

and MI groups, independent of absolute pressure and volume values. This approach allowed for

a more direct assessment of differences in myocardial diastolic chamber stiffness or compliance

between the groups, which may not be evident when plotting the curves without normalization.

Additionally, observing a steeper slope in the MI group’s EDPVR curve compared to the one of

the control group supports the notion of altered diastolic function associated with MI.

The computed diastolic (or passive) chamber stiffness coefficient β ranged between 1.03-1.90 for

the control group and 2.22-5.67 for the subject group MI (see Fig. 3.6c). Thus, this study focused

on investigating further the correlation between the increase in β (N=13) and different LV diastolic
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and systolic indices across the two subject groups. Significant results were observed and reported.

First, an increase in β suggests a decrease in compliance which is consistent with the upward,

leftward of the EDPVR [9, 93, 118, 50]( Fig. 3.6a,b ). Next, the infarct volume (%) quantified

from 3D slicer showed a strong correlation with β (r=0.90, p=0.03) (Fig. 3.8a). This suggests that

an increase in β is consistent with an increase in infarct volume (%) in the subject group with

MI. We observed a decline in LV ejection fraction from 50.53±7.35% in the subject group control

to 41.70±10.72% in the subject group MI (p <0.05). We found a moderate negative correlation

between β and ejection fraction (r=-0.67, p=0.01) (Fig. 3.8b). This finding is consistent with other

observations that a decline in LV compliance leads to a decline in ejection fraction in patients with

MI [3, 30].

Further, we evaluated the peak instantaneous rate of LV pressure decline, dPdtmin (peak negative

dPdt), and isovolumic relaxation time constant, τ between the two groups. Our study suggests

that an increase in β causes significantly higher peak rate of pressure decline dPdtmin (r= 0.61,

p=0.02) [118](Fig. 3.10a). We also reported a positive correlation between β and τ (r=0.65,

p=0.01) (Fig. 3.10b) suggesting that an increase in β is coincident with prolonged τ . This is

consistent with DD and HFpEF studies [118]. Patients with DD and HFpEF show abnormal or

impaired relaxation which has been previously quantified by an increase in isovolumic relaxation

time [123]. Our study shows a significant correlation between β and IVRT (r=0.71, p=0.006)

(Fig. 3.10c) inferring impaired relaxation which may cause DD. The studies done to investigate

DD likewise showed increased diastolic volume recovery time (DVRT) [74]. This is consistent

with our finding as we report the positive correlation between β and DVRT (r= 0.70, p=0.007)

(Fig. 3.10d). We evaluated the peak instantaneous rate of increase in LV volume during diastole,

dV dtmax and the finding of our study suggests a significant correlation between β and dV dtmax

(r=0.72, p=0.006) (Fig. 3.10e). Studies reported previously increased dV dtmax among patients

with DD [53]. We also reported a significant correlation between β and VAC (r=0.71, p=0.006)
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(Fig. 3.9a). VAC is a representation of cardiac performance as it is defined by both ventricular and

arterial elastances. Thus, such a significant correlation suggests that an increase in VAC can be an

indication of diastolic abnormalities and impaired LV performances. This finding is consistent

with many of the studies reporting increased VAC among patients with MI, DD, and

HFpEF [4, 95]. Also with the decline in EF, there is a progressive increase in VAC [5]. We found

a strong negative correlation between VAC and EF (r=-0.99, p <0.0001 ) (Fig. 3.9b).

In conclusion, our findings suggest that β estimated from the proposed EDPVR model has the

potential to indicate diastolic abnormalities.

Study Limitations and future work

For the subject group MI, a different anesthetic regime was used. This was necessary to achieve the

desired heart rate and keep the subjects stable. Although the different anesthetic regimes have been

previously validated in several studies and protocols in both control and diseased swine subjects [1,

83, 124], they may still be a confounding factor.

The cohort size in our study (N=13) is small. We conducted a power analysis and computed the

achieved power of the study as 0.96 using G*Power software [72] (see details in section ‘Statistical

analysis’, chapter 3). As the p-value depends on the sample size, this power analysis suggests that

we had an adequate sample size to draw a reliable conclusion and thus report statistically significant

results. However, a larger cohort size is necessary to improve the statistical power of the reported

results and strengthen the outcomes of this study.

Infarct size and location varied in the subject group MI. One of the reasons for this variability is

the location of the infarct induction. During the experimental procedure, a branch of either the

left anterior descending (LAD)(for 3 subjects) or left circumflex (LCx)(for 2 subjects) artery was
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selected for infarct induction. This variability could have contributed to the reported differences in

β values and the leftward or rightward shift of the fitted EDPVR curves.

48



CHAPTER 4: LV STRAINS DURING ATRIAL SYSTOLE

In this chapter, we focus on computing cardiac deformation (strain) during atrial systole, which

constitutes the second main objective of this thesis.

Experimental data

For this study’s second objective, two subject groups were again utilized: a control group and a

group with myocardial infarction (MI).

After

Infarct induction
Before

In vivo MRI exam 

6-10 weeks post-MI

MRI scanner room setup for N=10 

subjects

Control (n = 8)

MI (n = 2) 

In-vivo

LGE-PSIR

Sampling frequency: 1 ms 

Accuracy ±1 mmHg

M
A
G
N
IT
U
D
E

Y Z

P
H
A
S
E

X

ZX Y

DENSE MRI

Slice Thickness:           8 mm

In plane resolution:     2.5 x 2.5 mm2

Temporal resolution:  15 ms

Figure 4.1: Flow chart representing the acquisition of the data used for computing cardiac
deformation during atrial systole
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Figure 4.1 provides a visual representation of the data acquisition procedure of this study. In

total, ten (N=10) subjects were included, with eight (n=8) as the control group, and two (n=2)

representing the MI group. The research conducted in this chapter primarily employed cardiac

DENSE MRI alongside pressure data acquired through in vivo cardiac catheterization. Throughout

the MRI data acquisition, intraventricular pressure was continuously recorded [87].

Methodology and Data Analysis

The calculation of cardiac strain during atrial systole relies on the analysis of cardiac DENSE MRI

data obtained from in-vivo MRI scans. The subsequent sections detail the methodology employed

to calculate cardiac strain by discussing:

1. Segmentation and image analysis of cardiac DENSE MRI data for the assessment of cardiac

strain and deformations during atrial systole;

2. Registration of LV pressure measured during DENSE MR acquisition and cardiac strain

during atrial systole;

3. Statistical analysis.

Segmentation and image analysis of cardiac DENSE MRI data for the assessment of cardiac

strain and deformations during atrial systole

A total of ten (N=10) female Yorkshire swine subjects were included in this study. Among them,

eight (n=8) were healthy (control group), while two (n=2) had myocardial infarction (MI group).

Full-field, voxelwise displacement data were obtained via cine DENSE MRI during the preclinical

experiments as outlined in the section ‘Experimental data’ (chapter 4). Long-axis (LA) images
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were acquired at intervals of 30◦ in the circumferential direction, while short-axis (SA) images

were obtained with an 8mm separation and are normal to the long axis. The cine DENSE MRI data

were segmented using DENSEanalysis [58, 130], an open-source MATLAB-based [91] application

widely utilized in the DENSE MRI community.

(a) LV short axis (SA) (b) LV long axis (LA)

Figure 4.2: LV short (a) and long axis (b) views inside the DENSE segmentation tool. Region of
interest (ROI) segmentations are overlaid to magnitude (top) and phase (bottom) images encoding
voxelwise displacements in the in-plane (xy) and out-of-plane (z) directions.

LV regions of interest (ROIs) were segmented utilizing both the LA and SA slices. For

segmentation, dedicated LA or SA cardiac region segmentation tools were employed. The

endocardial and epicardial contours were outlined manually by selecting points defining the

splines on the endocardial and epicardial walls. The adjustable spline nodal points within the

DENSEanalysis tool facilitated close tracking of the LV epicardial and endocardial contours.

Subsequently, a motion-guided segmentation was carried out to segment the images across the

cardiac cycle. Starting from a selected frame, this process generated an outline for each time

frame using the DENSE displacement vectors. During motion-guided segmentation, a linear

smoothness value of 0.9 and an order polynomial equal to 8 were utilized. Following automated
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segmentation, the newly generated contours across all cardiac phases were carefully inspected.

Any contours deviating from the endocardial and epicardial boundaries were manually adjusted.

This manual adjustment was iteratively repeated for each ROI point until a satisfactory

segmentation was achieved. Figures 4.2a and 4.2b depict the DENSEanalysis tool featuring

magnitude and phase images on LV short-axis and long-axis images, respectively. Following

iterative manual adjustment of the motion-guided segmentation, the displacements of individual

myocardial voxels in 3D are computed across time within the DENSE analysis toolbox. This

involved running an analysis to reconstruct 3D Lagrangian displacements throughout the cardiac

cycle with a linear smoothness value set to 0.9 and a polynomial order of 10. Initial LV strain

values during atrial systole were computed using the DENSEanalysis toolbox, employing a

cylindrical reference system based on LV geometry. By differentiating the Lagrangian

displacement field, longitudinal (ELL), circumferential (ECC), and radial (ERR) strains are

computed. The DENSE toolbox automatically subdivides these strain values transmurally and

across the American Heart Association (AHA) regions [110]. Following manual segmentations,

the delineated regions were saved as .mat files. Subsequently, these files were processed for

registration with intraventricular pressure data acquired during the DENSE MR acquisition.

Finally, the strain values derived from the registered data were also compared to existing literature

values.

Registration of intraventricular pressure acquired during DENSE MR acquisition and cardiac

strains during atrial systole

The calculation of the pressure data utilized in this chapter followed the identical procedure

outlined in the section ‘Generation of pressure curve’ (chapter 3). However, in this case, the

pressure traces were obtained during cardiac cine DENSE MRI acquisition (instead of cine MR

acquisition) and were extracted based on the beginning and end of the DENSE MR acquisition
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time for each subject. For the registration of the generated pressure traces following the procedure

detailed in the section ‘Generation of pressure curve’ (chapter 3) and the strain data detailed in the

section ‘Segmentation and image analysis of cardiac DENSE MRI data for the assessment of

cardiac strain and deformations during atrial systole’ (chapter 4), a MATLAB code [91] was built.

The trigger delay, which represents a predefined interval between the occurrence of a specific

physiological event and the initiation of the MRI data acquisition process, was utilized to

synchronize the registration of DENSE MRI data with pressure data acquired during atrial

systole. For every subject within the two subject groups (control and MI), a trigger delay was set

during the data acquisition to ensure that images were captured during atrial systole.

Statistical analysis

Data from the DENSE MRI segmentations in both the short and long axis are divided and

presented by strain type ELL, ECC, and ERR. Strain values at peak atrial systole represent the

cardiac phase with maximal ventricular filling. The Kruskal-Wallis test is employed to determine

the statistical significance of differences in LV strains and strain rates during peak atrial systole

between the two groups. Functioning like a T-test and Analysis of Variance (ANOVA), this test

evaluates whether there are notable differences among the medians of two or more datasets. In

addition, the Kruskal-Wallis test is non-parametric, meaning it does not rely on assumptions

regarding the normal distribution of the data. We reported mean peak atrial systolic

circumferential and radial strains (ECC, ERR) and strain rates (ĖCC, ĖRR)(s−1) quantified from

mid-ventricular SA slices, and the mean peak atrial systolic longitudinal and radial strains (ELL,

ERR) and strain rates (ĖLL, ĖRR)(s−1) quantified from LA slices for the subjects in the control

group. The average was computed across 6 AHA regions in mid-ventricular SA slices and 7 AHA

regions in LA slices for each subject. Next, for the subjects in the MI group, we analyzed

variations in LV strains across different myocardial regions (6 AHA segments in mid-ventricular
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SA slices where segment 1 is anteroseptal and segment 6 is anterior; and 7 AHA segments in LA

slices where segment 1 is the basal septal segment). We reported the mean peak atrial systolic

strain values, i.e., peak ECC, ERR and strain rates, i.e., ĖCC, ĖRR (s−1) quantified from identified

infarcted regions in mid-ventricular SA slices as well as mean peak atrial systolic ELL and ĖLL

(s−1) quantified from identified infarcted regions in LA slices. The tests were performed in

MATLAB. All values are reported as mean ± SD. We also calculated the median, along with the

first (Q1) and third (Q3) quartiles, to summarize the central tendency and variability of the data

across the subject groups (reported as Median [Q1, Q3]). A p-value of less than 0.05 was

considered statistically significant and reported.

Results

Segmentation and data analysis were conducted on a cohort comprising N=10 subjects in 2 groups

(n=8 control, and n=2 MI). Strain values were characterized as longitudinal (ELL), circumferential

(ECC), and radial (ERR) strains for the control and the MI group. The following sections include

the results in detail.

LV strain during atrial systole

Following the procedures outlined in section ‘Segmentation and image analysis of cardiac

DENSE MRI data for the assessment of cardiac strain and deformations during atrial systole’

(chapter 4), three mid-ventricular slices were segmented using the DENSE analysis toolbox for

each subject to calculate circumferential (ECC) and radial (ERR) strains. Additionally, to compute

longitudinal strain (ELL), LA slices from subjects in both groups underwent processing.

Subsequently, as detailed in the section ‘Registration of intraventricular pressure acquired during
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DENSE MR acquisition and cardiac strains during atrial systole’ (chapter 4), strain and

intraventricular pressure traces during atrial systole were registered in time by utilizing the trigger

delay for each subject during the data acquisition phase. This process allows us to connect

changes in ventricular strains to changes in intraventricular pressure and confirm the robustness of

the data and processing pipeline. In Figs. 4.3-4.4 and Fig. 4.5, LV pressure traces synchronized

with ERR and ECC computed during atrial systole are reported for 8 subjects in the control group

and 1 subject in the MI group. In all cases, we note that ECC is positive whereas ERR is negative

during atrial systole. These observations are in agreement with the expansion of the LV cavity

(ECC > 0) and “thinning” of the LV wall (ERR < 0) during atrial systole. The opposite happens

during ventricular systole, which is indeed characterized by positive radial strains (corresponding

to wall thickening) and negative circumferential strains (corresponding to a decreasing LV cavity).
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(b) Subject 2
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(c) Subject 3
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(d) Subject 4

Figure 4.3: Intraventricular pressure overlaid to ERR and ECC quantified from 3 mid-ventricular
short-axis slices for subjects 1 to 4 in the control group.
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(a) Subject 5
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(b) Subject 6
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(c) Subject 7
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Figure 4.4: Intraventricular pressure overlaid to ERR and ECC quantified from 3 mid-ventricular
short-axis slices for subjects 5 to 8 in the control group.

57



0 200 400 600 800 1000
time (ms)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

E
R

R
 a

nd
 E

C
C

-100

-50

0

50

100

P
re

ss
ur

e 
(m

m
H

g)

S1, AHA1

AS begin AS end

E
CC

E
RR

(a) slice 1, AHA 1

0 200 400 600 800 1000
time (ms)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

E
R

R
 a

nd
 E

C
C

-100

-50

0

50

100

P
re

ss
ur

e 
(m

m
H

g)

S1, AHA5

AS begin AS end

E
CC

E
RR

(b) slice 1, AHA 5
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(c) slice 1, AHA 6
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(d) slice 2, AHA 1
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(e) slice 2, AHA 4
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(f) slice 2, AHA 5
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(g) slice 2, AHA 6
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(h) slice 3, AHA 4
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Figure 4.5: Intraventricular pressure overlaid with ERR and ECC quantified from mid-ventricular
short axis slice 1 (AHA region 1 (a), AHA region 5 (b), and AHA region 6 (c)); slice 2 (AHA
region 1 (d), AHA region 4 (e), AHA region 5 (f), and AHA region 6 (g)); slice 3 (AHA region 4
(h) and AHA region 5 (i)), for subject 1 in the MI group. The reported AHA regions correspond to
regions where an infarcted area is present.

The physiological deformation occurring during atrial systole can also be observed from strain

values computed in LA slices. In Figs. 4.6-4.7, we reported intraventricular pressure traces
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registered in time with ERR and ELL quantified from LA slices acquired in 8 subjects in the

control group. A positive ELL corresponds to the lengthening or elongation of the left ventricle

during atrial systole due to late filling. In Figs. 4.8 and 4.9, we reported intraventricular pressure

traces synchronized with ELL quantified from LA slices acquired in 2 subjects in the MI group.

The reported AHA regions correspond to regions where an infarcted area is present.
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(b) Subject 2
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(c) Subject 3
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(d) Subject 4

Figure 4.6: Intraventricular pressure overlaid to ELL and ERR quantified from long axis slices for
subjects 1 to 4 in the control group.
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(b) Subject 6
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(c) Subject 7
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(d) Subject 8

Figure 4.7: Intraventricular pressure overlaid to ELL and ERR quantified from long axis slices for
subjects 5 to 8 in the control group.
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0 200 400 600 800 1000
time (ms)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

E
LL

-100

-50

0

50

100

P
re

ss
ur

e 
(m

m
H

g)

S1, AHA1

AS begin AS end

E
LL

(b) slice 2, AHA region 1
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(c) slice 3, AHA region 5
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(d) slice 4, AHA region 5
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Figure 4.8: Intraventricular pressure overlaid to ELL quantified from long axis slice 1 in AHA
region 3 (a); slice 2 in AHA region 1 (b); slice 3 in AHA region 5 (c); slice 4 in AHA region 5
(d); and slice 5 in AHA region 3 (e), for subject 1 in the MI group. The reported AHA regions
correspond to regions where an infarcted area is present.
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Figure 4.9: Intraventricular pressure overlaid to ELL quantified from long axis slice 1 in AHA
region 3 (a) and slice 2 AHA region 3 (b) for subject 2 in the MI group. The reported AHA regions
correspond to regions where an infarcted area is present.
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Peak LV strain and strain rate during atrial systole

We reported peak atrial systolic ECC and ERR quantified from 3 mid-ventricular SA slices and

peak atrial systolic ELL and ERR quantified from LA slices for each subject in the control group

(Table 4.1). The mean peak atrial systolic ECC and ERR (from 3 mid-ventricular SA) reported in

the control group is 0.04 ± 0.01 and -0.05 ± 0.02, respectively. The mean peak atrial systolic ELL

and ERR (from LA) reported in the control group is 0.06 ± 0.02 and -0.03 ± 0.01 respectively.

Table 4.1: Peak atrial systolic ECC and ERR quantified from 3 mid-ventricular SA slices and peak
atrial systolic ELL and ERR quantified from LA slices for the control group

Subjects SA LA
peak ECC peak ERR peak ELL peak ERR

S1 0.03 -0.04 0.03 -0.02
S2 0.03 -0.04 0.05 -0.03
S3 0.06 -0.08 0.05 -0.03
S4 0.03 -0.03 0.04 -0.01
S5 0.06 -0.05 0.09 -0.04
S6 0.03 -0.04 0.06 -0.04
S7 0.05 -0.06 0.07 -0.05
S8 0.04 -0.07 0.08 -0.05

Mean ± SD 0.04 ± 0.01 -0.05 ± 0.02 0.06 ± 0.02 -0.03 ± 0.01
Median [Q1,Q3] 0.04 [0.03,0.05] -0.04 [-0.07,-0.04] 0.05 [0.05,0.07] -0.03 [-0.04,-0.03]

Next, for the subject group MI, we reported peak ECC and ERR quantified from mid-ventricular SA

slices (for 1 subject) and peak ELL quantified from LA slices (for 2 subjects) during atrial systole

(Table 4.2). The values are reported for AHA regions with an infarcted area. The mean peak atrial

systolic ECC and mean peak atrial systolic ERR (from mid-ventricular SA) reported for 1 subject

in the MI group is 0.02 ± 0.004 and -0.05 ± 0.01 respectively. The mean peak atrial systolic ELL

(from LA) reported for 2 subjects in the subject group MI is 0.02 ± 0.004.

Lastly, in Tables 4.3 and 4.4 we reported the peak atrial systolic strain rates as ĖCC, ĖRR, ĖLL

for subject groups control and MI. The mean peak atrial systolic ĖCC and ĖRR reported from SA

slices are 0.36 ± 0.08 1/s and -0.46 ± 0.16 1/s, respectively in the control group. The mean peak

62



Table 4.2: Peak atrial systolic ECC and ERR quantified from mid-ventricular SA slices and peak
atrial systolic ELL quantified from LA slices for the MI group

Subjects SA LA
SA AHA segment peak ECC peak ERR LA AHA segment peak ELL

S1 SA1 1 0.02 -0.04 LA1 3 0.02
5 0.02 -0.08 LA2 1 0.02
6 0.03 -0.07 LA3 5 0.02

SA2 1 0.03 -0.04 LA4 5 0.02
4 0.02 -0.03 LA5 3 0.03
5 0.03 -0.05
6 0.02 -0.05

SA3 4 0.02 -0.03
5 0.02 -0.03

S2 LA1 3 0.03
LA2 3 0.02

Mean ± SD 0.02 ± 0.004 -0.05 ± 0.01 0.02 ± 0.005
Median [Q1,Q3] 0.02 [0.02,0.03] -0.04 [-0.05,-0.03] 0.02 [0.02,0.03]

atrial systolic ĖLL and ĖRR reported from LA slices are 0.48 ± 0.16 1/s and -0.29 ± 0.17 1/s ,

respectively, in the control group. The mean peak atrial systolic ĖCC and ĖRR reported from SA

slices are 0.26 ± 0.05 1/s and -0.51 ± 0.19 1/s, respectively, in the MI group (for 1 subject). The

mean peak atrial systolic ĖLL reported from LA slices is 0.30 ± 0.06 1/s in the MI group (for 2

subjects). The peak atrial systolic strain rates reported from different SA and LA slices correspond

to the same slices and regions from which the mean peak atrial systolic ECC, ERR, and ELL are

reported previously (Table 4.2).

Discussion

The concurrent display of intraventricular pressure alongside synchronized longitudinal,

circumferential, and radial strains (ELL, ECC, ERR respectively) during atrial systole provides

insights into the relation between intraventricular pressure changes and the corresponding LV

kinematics. During atrial systole, longitudinal and circumferential strain are positive, indicating
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Table 4.3: Peak ECC and ERR rates from mid-ventricular SA slices and peak ELL and ERR rates
from LA slices for the control group.

Subjects SA LA
ĖCC (s−1) ĖRR (s−1) ĖLL (s−1) ĖRR (s−1)

S1 0.45 -0.52 0.25 -0.12
S2 0.31 -0.57 0.41 -0.33
S3 0.27 -0.29 0.47 -0.29
S4 0.36 -0.41 0.45 -0.10
S5 0.48 -0.14 0.46 -0.15
S6 0.32 -0.54 0.41 -0.33
S7 0.40 -0.56 0.68 -0.56
S8 0.30 -0.63 0.74 -0.48

Mean ± SD 0.36 ± 0.08 -0.46 ± 0.16 0.48 ± 0.16 -0.29 ± 0.17
Median [Q1,Q3] 0.34 [0.31,0.41] -0.53 [-0.56,-0.38] 0.45 [0.41,0.52] -0.31 [-0.37,-0.14]

Table 4.4: Peak ECC and ERR rates from mid-ventricular SA slices and peak ELL rate from LA
slices for the MI group.

Subjects SA LA
SA AHA segment ˙ECC (s−1) ĖRR (s−1) LA AHA segment ĖLL (s−1)

S1 SA1 1 0.22 -0.4 LA1 3 0.27
5 0.22 -0.89 LA2 1 0.27
6 0.33 -0.77 LA3 5 0.27

SA2 1 0.33 -0.40 LA4 5 0.27
4 0.22 -0.33 LA5 3 0.40
5 0.33 -0.56
6 0.22 -0.56

SA3 4 0.22 -0.33
5 0.22 -0.33

S2 LA1 3 0.40
LA2 3 0.27

Mean ± SD 0.26 ± 0.05 -0.51 ± 0.19 0.30 ± 0.06
Median [Q1,Q3] 0.22 [0.22,0.33] -0.40 [-0.56,-0.33] 0.27 [0.27,0.33]

left ventricular ‘elongation’ along the long axis and ‘expansion’ in the circumferential direction.

Concurrently, radial strains during atrial systole are negative, indicating wall thinning. These

strain values correspond to the late ventricular filling phase during atrial systole.

During atrial systole, rapid changes in ventricular geometry occur within a short duration,

necessitating imaging techniques that may accurately capture LV kinematics during this short

phase of the cardiac cycle. In addition, ventricular strains during atrial systole are notably smaller
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compared to ventricular strains during ventricular systole, amplifying the impact of experimental

noise and post-processing techniques on strain values. Furthermore, during atrial systole, the LV

undergoes passive deformation due to the pressure wave generated by atrial contraction. The

resulting LV deformation is non-uniform adding to the complexity of strain assessment. In this

work, we have used the established DENSE analysis toolbox [130] (available at

https://github.com/denseanalysis/denseanalysis) GitHub Repository to overcome some of these

challenges, but further work is necessary.

Although, due in part to the challenges listed above, direct investigations of LV strains and

kinematics during atrial systole are limited, some data from 2D echocardiography provide

comparative insights into strain rates across both healthy and diseased cohorts. One of these

studies concluded that peak atrial systolic LV circumferential strain rate may be an early predictor

of diastolic dysfunction in patients with hypertension (HT) [98]. Another study reported

preserved systolic function in left ventricular hypertrophy (LVH) patients with a compromised

regional diastolic function (reduced early diastolic strain rate in LV) [37]. These studies

emphasize the significance of assessing LV strain during diastole or atrial systole. Our study

represents one of the few analyses of ventricular strains specifically during atrial systole. The

capacity to accurately quantify and characterize strains during the myocardium’s passive response

may hold significant value in assessing impaired passive myocardial response in various cardiac

pathologies, such as HFpEF and DD. Therefore, the novelty of this study lies in its exploration of

ventricular strains during atrial systole, shedding light on an aspect of cardiac kinematics that

remains relatively unexplored but may have significant clinical relevance.

By performing the Kruskal-Wallis test on peak atrial systolic ECC, we found significant differences

between the control and MI groups (p=0.002). We performed the same test on peak atrial systolic

ĖCC and again found a significant difference between the control and MI groups (p= 0.02). Next,

we performed the Kruskal-Wallis test on peak atrial systolic ELL and peak atrial systolic ĖLL
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quantified from the LA slices. We found significant differences in both cases between the control

and MI groups (p = 0.001 and p = 0.01 respectively). However, when we performed the same

test on peak atrial systolic ERR and peak atrial systolic ĖRR between the two groups, there was

no statistically significant difference (p = 0.52 and p=0.92 respectively, control vs MI). This may

be due to the known larger uncertainty in computing radial strains that may obscure differences

between control and MI subjects. These values are being reported in Table 4.5. Our result agrees

with other studies that reported reduced ventricular strain during atrial systole between healthy

individuals and MI patients [137]. Several other studies also reported no significant differences

in ventricular strain and strain rates during atrial systole [111, 155]. These findings suggest that

while MI can lead to substantial alterations in ventricular function, these changes may not always

be detectable or distinguishable from normal variations in healthy individuals. The aforementioned

challenges in computing LV strains during atrial systole combined with factors such as the extent

and location of myocardial damage [56], the presence of collateral circulation, and individual

patient characteristics may contribute to the variability in strain measurements observed across

studies. Several studies [39, 111, 155] also reported significant alterations in early diastolic strain

and strain rates in MI patients.

Table 4.5: p- value between two groups

Control vs MI p-value
peak ECC (SA) 0.002
peak ERR (SA) 0.52
peak ELL (LA) 0.001
peak ĖCC(SA) 0.02
peak ĖRR (SA) 0.92
peak ĖLL (LA) 0.01

Variability in infarct size and location within the MI group is mainly due to the chosen artery

branch for infarct induction (either the left anterior descending – LAD – or left circumflex – LCx
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– artery). This selection of the artery for infarct induction may lead to variability in the affected

regions as well. Healthy myocardium demonstrates characteristic strain patterns associated with

optimal function. In contrast, strain values in infarcted tissue tend to be notably lower than those

in healthy tissue during atrial systole, indicating abnormal myocardial function attributable to scar

formation following MI. While quantifying strain and strain rates, thus considering the location

of infarcted regions separating healthy and infarcted myocardium is very important to capture the

strain accurately. In this study, we focused on the American Heart Association (AHA) segment-

wise quantification of ventricular strain during atrial systole with specific emphasis on the infarct

region in the MI group.

Study limitations and future work

Here we subdivided the myocardium using the AHA regions and, in the MI group, we reported

LV strains during atrial systole only using the AHA regions that contain infarcted myocardium. A

more precise strategy would involve delineating exactly the infarcted myocardium without relying

on the AHA subdivision as, for example, an infarcted segment may not occupy the full AHA region

in which it is contained. If this is the case, the reported strain per AHA region includes both strains

in infarcted and remote/border zone myocardium, partially confounding the results.

Given the complications related to identifying the infarcted myocardium, there is a risk of

combining healthy and infarcted myocardium during this procedure. Thus we proceeded with

caution to quantify strain only from 2 of the subjects in the MI group. In this process, we chose to

use the subjects with two of the largest myocardial infarct volumes (in %) (see detailed infarct

volume identification procedure in section ‘Quantification of in vivo LV cardiac indices’,

chapter 3). The infarct volume (in %) quantification was done using T1 weighted images in

open-source software ‘3D Slicer’ (http://www.slicer.org) [43].
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Additionally, in this study, we have used a small cohort size of N=10 combining both groups. A

larger cohort size will improve and strengthen the reported results and the outcome of this study.
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CHAPTER 5: PASSIVE MYOCARDIUM MATERIAL LAWS AND

MATERIAL PROPERTIES

In this chapter, we work towards our third and final objective which is the study of a material law

and material properties to describe the response of the passive myocardium. This task is achieved

by optimizing the equilibrium between external (i.e., LV intraventricular pressure, presented

previously in Chapter 3) and internal forces (due to the myocardium deformation, presented

previously in Chapter 4).

Experimental data

For this study’s final objective, only the control group was utilized. Figure 5.1 provides a visual

representation of the process by which the dataset used in this study was acquired. In total, nine

(N=8) subjects were included in the control group. The research conducted in this chapter primarily

employed cardiac DENSE MRI alongside pressure data acquired simultaneously through in vivo

cardiac catheterization.
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Figure 5.1: Flow chart representing the acquisition of the data used for computing material laws
and properties describing the passive myocardium

Methodology and Data Analysis

The subsequent sections detail the methodology employed for computing the material laws and

parameters describing the passive myocardium response. This includes:

1. The minimization of the difference between external or applied forces (intraventricular

pressure) and internal forces (due to cardiac deformation);

2. The description of the material law considered to describe the passive myocardium response;

3. The definition of LV 3D microstructure-based mid-ventricular models.
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External and internal forces

Pressure measurements obtained, for example, via catheterization can be used to define the

external forces acting on the LV endocardial surface. In chapter 3, a detailed process of how the

intraventricular pressure is extracted and processed is elaborated. The developed custom

MATLAB code [91] extracted pressure data from LabChart files, synchronizing it with the

cardiac cine DENSE MRI data acquired for each subject. This ensured alignment between

pressure measurements, cardiac deformation mapping, and the constructed LV 3D models (please

see details in chapter 3). After the registration, the intraventricular pressure values as well as

cardiac deformation data were extracted from the beginning of the atrial systole phase to the end

of the atrial systole phase for each subject.

To minimize the difference between external and internal forces, we follow the work of [115]

which allows us to compute material parameters and characterize the passive myocardium’s

response. Several other works in the literature have previously proposed and used the equilibrium

gap method that is based on minimizing the norm of the residual vector (see, e.g., [28]). In

biomechanics, various approaches aim to identify material properties by minimizing the

difference between experimental uexp and computed unum displacement fields under applied

forces and boundary conditions [146, 80, 77]. Computed displacements unum are usually obtained

by solving the equilibrium equations, often using the Finite Element Method. Material properties

are iteratively adjusted to minimize the discrepancy between experimental and computed

displacements. However, these standard methods may not yield unique material properties and

may not offer insight into the formulation of the material law to be considered. To address this,

Perotti et al. proposed a reversed approach using experimental displacements to compute internal

forces and uniquely identify the material properties [115] by enforcing, as closely as possible,

equilibrium between internal fint and external forces fext. Imperfect equilibrium arises from errors
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in displacement measurements, pressure, and material model. Thus, material properties α are

identified by minimizing the error between fint and fext as:

(α) = argminαg(α) , (5.1)

where

g(α) = R(α)TR(α) , (5.2)

and R(α) is the residual vector:

R(α) = fint − fext . (5.3)

If the material energy density W is chosen so that is linear in the material properties α, then g(α)

is quadratic in α and admits a unique solution for α as far as the Hessian Hg is positive definite.

If Hg is semi-positive definite, the available experimental data is insufficient to characterize the

material properties in W . Tailoring W to problem complexity and data quantity ensures a strictly

positive definite Hg, ensuring uniqueness of α.

Numerically g is minimized using the Newton-Raphson method.
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The material law for the passive myocardium

W (α,C(u)) can be expressed as a linear combination of terms Φi(C(u)), each representing a

different component of the isotropic and anisotropic material response. The coefficients of this

linear interpolation are the material properties α so that:

W (α,C(u)) =
N∑
i=1

αiΦi(C(u)) (5.4)

where Φi(C(u)) are polyconvex functions of the deformation invariants, N is the number of terms

used to capture the material behavior, C is the right Cauchy-Green deformation tensor, and u is

the displacement field. All material properties αi need to be greater than zero.

Principles for constructing polyconvex energy functions that meet the stress-free reference

configuration condition have been outlined in [8] and a subset of these functions is selected by

Perotti et al. [115], aiming to capture the experimental response of the passive myocardium

effectively. Based on their previous work, we use the following expression for Φ1 and Φ2:

Φ1 =

(
I1

I
1
3
3

− 3

)a1

(5.5)

Φ2 = ⟨I4 − 1⟩a2 (5.6)

where a1 = 2.60, a2 = 2.82, I1 = tr(C), I3 = det(C), and I4 = tr (C(A⊗A)), with A

representing the material direction of anisotropy, i.e., the local myofiber direction.

Based on the previous discussion, the strain energy function W is
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W = α1

(
I1

I
1
3
3

− 3

)2.60

+ α2⟨I4 − 1⟩2.82 (5.7)

where α1 and α2 represent the isotropic and anisotropic material properties, respectively.

LV mid-ventricular models construction

From the acquired in vivo cine DENSE MRI and ex vivo cDTI data, a microstructurally and

anatomically accurate finite element model was built for this study. For each subject, 3

mid-ventricular short-axis slices were chosen to build the LV 3D models. As described previously

in the section ‘Segmentation and image analysis of cardiac DENSE MRI data for the assessment

of cardiac strain and deformations during atrial systole’ (chapter 4), cardiac cine DENSE MRI

data was segmented at the beginning of atrial systole, which is considered as the reference

configuration. A dedicated MATLAB code [91] was built and used to further process the data. LV

epicardial and endocardial surfaces were extracted from the cardiac cine DENSE MRI

segmentations. Subsequently, these contours were meshed utilizing 1848 nodes and 1188 linear

hexahedral elements. For each mesh per subject, three elements were used across the myocardium

wall, with an additional three elements longitudinally in between the DENSE slices, resulting in a

total of six elements in the longitudinal direction. Next, the microstructural data was extracted

from the ex vivo cDTI data for each subject to incorporate in the LV 3D mid-ventricular models.

During the data acquisition process, ex vivo cDTI data was acquired by fixing the LV geometry

close to the beginning of atrial systole using a 3D printed mold [29]. Ex vivo cDTI slices, each 1

mm apart, were manually identified by aligning the longitudinal position of the DENSE MRI data

with the LV acquired using cDTI. The number of the ex vivo slices varied between 16 and 18.

Subsequently, the ex vivo cDTI slices were registered with the DENSE-based mesh. During the

registration process, all the cDTI images were rigidly translated and rotated to match the
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DENSE-based LV mesh using the right ventricular insertion points in both the DENSE and cDTI

images. Next, using this rigid transformation, the diffusion tensors were rotated. While the rigid

registration accurately positioned and oriented the cDTI images, the LV shape in the ex vivo cDTI

data had minor discrepancies compared to the mesh built with the LV model. Thus, a non-rigid

(NR) registration was needed to ensure the overlap between the DENSE-based models and the

cDTI data. LV short-axis contours were first segmented from the ex vivo cDTI data, followed by

the creation of a mask from the segmented contours. Similarly, binary masks were generated from

the DENSE contours at the beginning of atrial systole. A non-rigid registration (NR) was then

performed between the DENSE LV mask and the cDTI LV mask employing a b-spline

registration algorithm [120]. The NR registration was employed to deform the finite element

quadrature points (QPs) to the spatial domain of the ex vivo cDTI data. The diffusion tensors were

reconstructed utilizing a custom MATLAB framework (available at

https://github.com/KMoulin/DiffusionRecon) and were then interpolated to each mapped QP

within the FE mesh using linear invariant interpolation [54]. Myofiber orientations were

determined at each QP by identifying the primary eigenvectors of the interpolated diffusion tensor

corresponding to that point.

Results

In this section, we discuss the constructed LV mid-ventricular models, the validation of the

proposed pipeline to compute the material properties, and the calibration of the material law to

model the passive myocardium response.

75



LV mid-ventricular models and intraventricular pressure load during atrial systole

Intraventricular pressure was continuously recorded during the MRI acquisition procedure and, as

described in section ‘External and internal forces’ (chapter 5) and chapter 4, it was synchronized

with the cardiac cine DENSE MRI data. After synchronization, each subject’s total deformation

(from the beginning to the end of atrial systole) was extracted from 3 mid-ventricular short-axis

slices along with the external change in pressure ∆P (from the beginning to the end of atrial

systole) that caused that deformation. The displacements were then interpolated to get

displacements at the finite element mesh nodal points. Fig. 5.2 represents synchronized

intraventricular pressure with cardiac deformation mapping for 2 subjects. For this study, the
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reference configuration is the beginning of atrial systole.
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Figure 5.2: Synchronized intraventricular pressure with cardiac deformation mapping for subject
1 (a) and subject 6 (b). The epicardial and endocardial contours were extracted separately and then
superimposed at the beginning and end of atrial systole to display the total deformation during
atrial systole due to the applied pressure ∆P .

In Table 5.1, ∆P (pressure difference between the beginning and end of atrial systole) is reported

for all the subjects in kPa.

The volumes enclosed by the epicardial and endocardial surfaces extracted from the DENSE data

for each subject were meshed with 1848 nodes and 1188 linear hexahedral elements, with 3

elements across the myocardium wall and 3 elements longitudinally between DENSE slices

(details in the section ‘LV mid-ventricular models construction’, chapter. 5). Subsequently, 8
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Table 5.1: ∆P for 8 subjects in the Control group

Subjects ∆P (kPa)
S1 0.38
S2 0.20
S3 0.52
S4 0.35
S5 0.84
S6 0.44
S7 0.49
S8 2.72

models were built as shown in Fig. 5.3 (S1 through S8) at the beginning of atrial systole

(reference configuration).

S1 S2 S3

S4 S5 S6

S7 S8

Figure 5.3: Subject-specific mesh built for N= 8 subjects from S1 through S8 at the beginning of
atrial systole, which is the chosen reference configuration.
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Next, microstructural data from ex-vivo cDTI scans were incorporated into the DENSE-based

models following the method described in the section ‘LV mid-ventricular models construction’

(chapter. 5). The process is shown for 2 subjects in Fig. 5.4. The figure shows primary

eigenvectors of the reconstructed diffusion tensor plotted for one short-axis slice. The fiber angle

ranges from positive at the endocardium, passing through 0◦ close to the mid-wall, to negative at

the epicardium. Finite element models built (reference configuration) from 3 midventricular

short-axis slices (DENSE) and preferential aggregate cardiomyocyte orientation at each

quadrature point in the finite element model (superimposed FEM model and microstructure data)

is shown as well. In Fig. 5.5, FE models built (reference configuration) for all N=8 subjects are

shown with the preferential aggregate cardiomyocyte orientation (superimposed FEM model and

microstructure data).

(a)

(b)

Finite element model from 3 mid-

ventricular SA slices

Primary eigenvectors of the 

diffusion tensor in one SA slice

Preferential aggregate cardiomyocyte 

orientation at each quadrature point 

in the Finite element model
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0

-1

E
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Figure 5.4: Subject-specific FE model for subject 1 (a) and subject 6 (b) showing primary
eigenvectors of the diffusion tensor in 1 short-axis slice, FE model (reference configuration) based
on 3 midventricular short-axis DENSE slices, and preferential aggregate cardiomyocyte orientation
at each quadrature point in the FE model (superimposed FE model and microstructure data).
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Figure 5.5: Subject-specific FE models and preferential aggregate cardiomyocyte orientation at
each quadrature point in the FEM models for all subjects.

Validation of the proposed pipeline

A MATLAB algorithm was built to compute the material parameters by minimizing the difference

between external and internal forces using the mid-ventricular finite element models constructed

and discussed in the previous section.

Before applying this methodology to the swine data set, the proposed pipeline was validated by

applying it to compute the material properties in a known boundary value problem. First, one of

the swine mid-ventricular models was imported in ABAQUS [32]. A simple ABAQUS

Neo-Hookean material model was chosen to set up the boundary value problem. The

Neo-Hookean material model is a hyperelastic material model commonly used in finite element

analysis to describe the mechanical behavior of elastic materials undergoing large deformations.

The Neo-Hookean material model is suitable for isotropic, nearly incompressible materials such
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as rubber and soft tissues. It provides a relatively simple representation of the material behavior

according to the following material energy density:

W = C10

(
Ī1 − 3

)
+

1

D1

(J − 1)2 (5.8)

where, C10 = µ
2
, µ being the shear modulus; D1 = 2

κ
, κ being the bulk modulus;

Ī1 = J (−2/3)tr(C), C being the right Cauchy-Green deformation tensor; and J = det(F), F

being the deformation gradient tensor.

C10 = 1000 Pa and D1 = 0.0006 1/Pa were used in equation 5.8 during this test. For the boundary

conditions of the FEM problem, all the nodes on the bottom surface were fixed in the Z direction.

Along with that, a line of nodes parallel to the X axis was fixed in the Y direction, and a line of

nodes parallel to the Y axis was fixed in the X direction. The boundary conditions were chosen

to prevent any rigid body motion, without imposing further constraints on the motion of the LV

due to intraventricular pressure. Additionally, a pressure of 100 Pa was applied to the endocardial

surface. All the elements were 8-node linear hexahedral elements.

Figure 5.6 shows the boundary conditions that were used to set up the finite element boundary value

problem in ABAQUS. Figure 5.6(a) shows the pressure applied perpendicularly to the endocardial

surface (100 Pa). Figure 5.6(b-d) shows the other 3 boundary conditions as previously mentioned.

Fig 5.7 shows the deformation due to the externally applied force (applied pressure perpendicular
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to the endocardial surface) and applied boundary conditions.

uZ = 0 BC applied on 

all the bottom nodes

Pressure applied perpendicular 

to the endocardium surface

uY = 0 BC applied on a 

line of nodes parallel to 

X axis

uX = 0 BC applied on a 

line of nodes parallel to 

Y axis

(a) (b)

(c) (d)

Figure 5.6: FE boundary value problem setup in ABAQUS showing: Pressure applied
perpendicular to the endocardial surface (a); uZ = 0 boundary condition applied on all the bottom
nodes (b); uY = 0 boundary condition applied on a line of nodes (close to) parallel to the X-axis
(c); uX = 0 boundary condition applied on a line of nodes (close to) parallel to the Y-axis (d).
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after deformation (solid)
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Arrow showing 
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Initial position of the 
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Figure 5.7: Total deformation due to the applied external force (pressure perpendicular to the
endocardial surface) with initial (wireframe) and final (solid) configurations (a). Total deformation
with arrows pointing in the deformation direction (b).

After running and completing the simulation in ABAQUS, the nodal displacements were

extracted from the ABAQUS results. These nodal displacements together with the applied

endocardial pressure were provided as input to the algorithm implemented in MATLAB for the

unique identification of the material parameters. This procedure mimics the pipeline that will be

followed using the experimental data and recovering the material properties used in the forward

ABAQUS simulation will verify the implementation of the used scheme. As reported in Table 5.2,

the implemented methodology in the MATLAB algorithm was successful in recovering both the

Neo-Hookean material parameters C10 and D1 that were used as input to calculate the obtained

displacement field in ABAQUS.

Table 5.2: Normalized percent differences ∆ in material parameters identified using the proposed
pipeline versus the exact values used in the ABAQUS simulations. The small differences in
identified versus original parameters confirm the verification of the proposed pipeline.

∆C10 [%] ∆D1 [%]
0 0.03
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The implemented algorithm in MATLAB was also tested using the same setup but with applied

pressure subdivided into multiple steps. In this case, multiple pressure values and the

corresponding deformation field were provided as input to the algorithm. This setup is meant to

simulate the case (closer to the experimental data) where deformation and pressure values are

available at multiple time frames, e.g., during atrial systole, and not only at the final cardiac

phase. Previously, for the single step, the applied pressure was 100 Pa. For the multi-step process,

first, we perform the test by applying pressure as 25 Pa, 50 Pa, 75 Pa, and 100 Pa (uniform

pressure increases) and secondly by applying pressure as 25 Pa, 30 Pa, 50 Pa, 60 Pa, 75 Pa, 83 Pa,

and 100 Pa (non-uniform pressure increases). With the same boundary conditions and with

different values of pressure, all the simulations for the finite element boundary value problem

were run one by one in ABAQUS. After the simulations were completed, corresponding

displacements were extracted from the ABAQUS results. Next, the MATLAB algorithm was run

for multiple steps (4 steps and 7 steps for the first and the second case, respectively) using the

pressure increases with their corresponding deformation. Subsequently, the material parameters

were computed using the residual vectors from the multiple steps (4 steps for the uniform

pressure increases and 7 steps for the non-uniform pressure increases) thus optimizing the

difference between the internal forces corresponding to the myocardium deformation and the

external forces due to the applied pressure on the endocardial surface.

For the material parameters C10 and D1, the same values were used in all ABAQUS simulations.

The normalized percent differences in material parameters between the exact values used in

ABAQUS and the ones computed in the MATLAB algorithm are reported in Table 5.3. As can be

seen, the implemented MATLAB algorithm was again successful in recovering both material

parameters in all the cases.
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Table 5.3: Normalized percent differences ∆ in material parameters identified using the proposed
pipeline versus the exact values used in the ABAQUS simulations using multi-pressure steps.
The small differences in identified versus original parameters again confirm the verification of
the proposed pipeline.

Step ∆C10 [%] ∆D1 [%]
1 0 0.03
4 −0.2 0.16
7 −0.1 0.15

Computation of the material parameters describing the passive myocardium

Following the verification of the implemented pipeline, the MATLAB algorithm was used to

compute the material parameters governing passive myocardium response using the preclinical

(swine) MRI and pressure experimental data. The algorithm was applied to the finite element

models constructed as described in the section ‘LV mid-ventricular models and intraventricular

pressure load during atrial systole’ (chapter 5) and including the microstructure information to

model the myocardium anisotropic response. The material model shown in Eq. 5.7 and proposed

in [115] was used throughout this process. The MATLAB algorithm was executed to minimize

the difference between the external and internal forces for each subject (N=8 subjects, S1 through

S8). The material properties α1 and α2 determined for each subject are reported in Table 5.4 and

are associated with the isotropic and anisotropic response, respectively.
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Table 5.4: Material properties α1 and α2 describing the passive myocardium material response
computed using the material model in Eq. 5.7, the mid-ventricular finite element models based on
DENSE and cDTI data, and the intraventricular pressure recorded during the imaging experiments.

Subjects α1 (kPa) α2 (kPa)
S1 18.95 0.31
S2 4.07 0.25
S3 15.36 0.17
S4 3.79 0.16
S5 9.05 0.10
S6 7.87 0.31
S7 2.89 0.12
S8 2.27 0.03

Mean ± SD 8.03 ± 6.17 0.18 ± 0.1

Discussion

When modeling left ventricular mechanics through the Finite Element Method, ensuring the

accuracy of geometric and microstructural data representation, coupled with selecting appropriate

material models or constitutive laws, becomes very important for the reliability of the

simulations. In the field of biomechanics, a variety of methodologies are employed to compute

material properties by minimizing the difference between the experimental uexp and computed

unum displacement fields under specified applied forces and boundary conditions [146, 80, 77].

Subsequently, material properties are iteratively adjusted to reduce deviations from experimental

data. Nevertheless, conventional techniques may face challenges in achieving unique material
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properties. To address this challenge, Perotti et al. [115] described an approach that utilizes

experimental displacements to compute internal forces. This approach minimizes the difference

between the external (or applied) and internal (due to body deformation) forces. This approach is

part of the equilibrium gap method that has been previously described and proposed in the

literature (see, e.g., [28]). This framework applies to instances with access to full-field

measurements and traction boundary conditions.

Characterizing material properties at the tissue level offers advantages over traditional methods

for assessing passive myocardium stiffness. Common estimates such as left ventricular

pressure-volume (PV) loops provide a global chamber stiffness assessment and are not able to

identify local changes in material stiffness or to distinguish between geometrical (e.g., due to

hypertrophy) and physiological (e.g., due to scar formation) changes. However, PV-loop

estimates are less susceptible to experimental noise, a problem that more severely affects

estimates based on the calculation of the internal forces which require that the experimental

displacement field is differentiated to compute deformation measures.

The material properties characterizing the isotropic and anisotropic response of the passive

myocardium were computed using subject-specific anatomical, motion, and pressure data, the

latter acquired concurrently with the imaging data. This unique set of experimental data allows an

accurate representation of the passive myocardium response, in contrast to other studies that

combine imaging data with pressure measures acquired at a different time and/or rule-based

models.

After verifying the proposed pipeline using known ground-truth simulations obtained with

ABAQUS, the passive myocardium material properties were identified for N=8 subjects. The

mean value reported for the isotropic material property (α1) of the passive myocardium is 8.03 ±

6.17 kPa and the mean value reported for the anisotropic (fiber-directed response, α2) material

87



property of the passive myocardium is 0.18 ± 0.1 kPa.

These material properties agree reasonably well with other passive myocardium material properties

reported in the literature. Several studies [107, 109, 139, 146, 103] use either the Guccione material

model [62] or a Fung [51] type exponential material model to compute the passive myocardium

material properties. To compare our findings with existing values, we report the coefficient that

overall scales the passive myocardial response computed in these studies (see Table 5.5). The

coefficient that overall scales the passive myocardial response in these studies ranges from 0.51 to

5.8 kPa.

Table 5.5: Coefficient that overall scales the passive myocardium material response estimated in
several studies using different constitutive laws (SD reported where known).

Constitutive law Study and species Isotropic material parameter (kPa)
Guccione material model [62] Wang et al. [147], human 1.2 ± 0.4

Kolawole et al. [77], human 5.8 ± 1.2
Augenstein et al. [6], dog 3

Wang et al. [146], dog 0.83
Usyk et al. [139], dog 0.88

Omens et al. [109], dog 1.2
Okamoto et al. [107], dog 0.51

Omens et al. [109], rat 1.1
Fung type material model [51] Nemavhola et al. [103], swine 3.47

In Table 5.5 we reported only the coefficient that overall scales the passive myocardial response

in each of these studies. The material laws used in these studies define more than one parameter

for the anisotropic material response and comparing these parameters directly with α2 computed

in this study is difficult given the different definitions of anisotropic terms and response.
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Study Limitations and future work

The proposed method to identify material properties requires differentiating the displacement field

and therefore may be more susceptible to propagating experimental noise. In the future, strategies

to minimize the effect of displacement noise or the inclusion of other deformation measures, i.e.,

tag MRI, should be investigated.

In addition, we have not investigated the effect of uncertainty in material parameters associated

with the subject-specific geometry and microstructural data. The effect of variability and

experimental accuracy on the computed material properties needs to be evaluated.

Due to the complexity of this study, we have limited the model and the material property

identification only to a midventricular section of the LV. Future studies can be undertaken to

consider the full LV and, in the future, the RV as well. These studies require enhanced

experimental data, especially to properly capture the LV basal and apical regions and the RV.

The current methodology also operates under the assumption of homogeneous material properties

yielding an overall measure of the passive myocardium response. However, in the future, material

properties and material behavior should be investigated regionally. This would allow us to identify

regional dysfunction, for example, in the case of myocardial infarction.

Comparison of myocardial tissue anisotropy between different studies was not feasible at this time

due to challenges associated with the identifiability of tissue anisotropy parameters in different

material laws.

Finally, the cohort size used in this study was small (N=8 control subjects). Conducting

investigations on a larger cohort in the future is necessary to improve the robustness of the

findings.
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CHAPTER 6: CONCLUSION

A Brief Summary with Novelty and Significance of the Work

Heart failure is a health challenge, impacting approximately 6.2 million adults in the USA [10].

This causes substantial healthcare costs, surpassing 11 billion annually, attributed to direct

medical outlays and diminished productivity[10]. Such figures underscore the importance of

collaborative endeavors aimed at tackling the complex array of issues associated with heart

failure. These efforts should encompass proactive measures in prevention and early detection,

facilitating improved accessibility to treatment options.

The most commonly used clinical measures, such as left ventricular ejection fraction (LVEF),

have limitations in quantifying regional changes and primarily reflect active myocardial response.

Myocardial deformation imaging techniques, such as strain echocardiography, offer promise in

evaluating cardiac function but are predominantly applied during ventricular systole, neglecting

atrial systole when the myocardium response is mainly passive. In this context, a better

understanding of the passive myocardium response is important to improve diagnosis and

possible treatment for diastolic dysfunction and heart failure with preserved ejection fraction

(HFpEF), which mostly affects the passive myocardium response. This study contributes to

closing this knowledge gap by: 1) analyzing the LV pressure-volume (PV) loops and the

end-diastolic pressure-volume relation (EDPVR); 2) studying cardiac deformation during atrial

systole; and 3) Identifying the material properties to characterize the passive myocardium

response by optimizing the equilibrium between external (i.e., LV pressure) and internal forces

(due to the myocardium deformation). The latter effort combines the knowledge developed in the

first two goals of this thesis, i.e., pressure and deformation during atrial systole.
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To accomplish the first objective, data from the subject groups control and MI were used.

Computing the EDPVR primarily involved the utilization of cardiac CINE MRI in conjunction

with pressure data acquired via in vivo cardiac catheterization. Intraventricular pressure

measurements were continuously recorded throughout the MRI data acquisition process.

Additionally, ex vivo T1 weighted images were employed to quantify the percentage of infarct in

each subject within the myocardial infarction (MI) group, serving as a validation component for

the proposed end-diastolic pressure-volume relationship (EDPVR) model. First, in vivo

pressure-volume loops were built. Leveraging high-resolution data and a robust processing

pipeline, the pressure-volume (PV) loops constructed for this study displayed all the classical

characteristics of traditional PV loops, including distinguishable phases like an isovolumetric

contraction, ejection, isovolumetric relaxation, and ventricular filling. Notably, our PV loops also

showed the presence of the ”atrial kick,” further supporting the high quality of the computed PV

loops. Next, the proposed models for the end-diastolic pressure-volume relations (EDPVR)

showed the capability to identify statistically significant differences in increased LV chamber

stiffness between the control and MI groups. In our study, subjects with myocardial infarction

(MI) exhibited diverse shifts in their end-diastolic pressure-volume relationship (EDPVR),

reflecting heterogeneous myocardial responses to MI. The reported variations underscore the

individual influence of factors such as infarct size and location on myocardial remodeling. By

normalizing pressure and volume and comparing EDPVR curves between control and MI groups,

we revealed differences in diastolic chamber stiffness independent of absolute values where we

reported a steeper slope observed in the MI group’s EDPVR curve suggesting altered diastolic

function post-MI. The findings highlight the complex interplay between myocardial remodeling

and altered diastolic properties following MI. We also presented statistically significant

correlations between the identified chamber stiffness coefficient (β) from the proposed EDPVR

model and important LV systolic and diastolic indices like ventricular-arterial coupling (VAC),

maximum rate of pressure decline during diastole (dPdtmin), LV relaxation time constant (τ ),
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isovolumic relaxation time (IVRT), diastolic volume recovery time (DVRT), and maximum rate

of increase in volume during diastole (dV dtmax).

The proposed end-diastolic pressure-volume relation directly links a single coefficient (β) and the

chamber stiffness (dPdV). Furthermore, by using normalized volume and pressure, differences

between control and MI groups are observable more clearly and are independent of, e.g., ventricle

size. Thus, the resulting model has the potential to better approximate the experimental data and

to provide a direct measure of the chamber stiffness.

For the second objective, data from the subject group control and MI were again used. The

methodology primarily involved the use of cardiac CINE DENSE MRI in conjunction with

pressure data acquired via in vivo cardiac catheterization. As already mentioned, intraventricular

pressure measurements were continuously recorded throughout the MRI data acquisition process.

Cardiac cine DENSE MRI data was used to quantify cardiac deformations during atrial systole. A

custom MATLAB code synchronized pressure and deformation mapping concurrently, marking

this study as among the few to integrate concurrent pressure and MRI data. The synchronization

ensured the alignment of intraventricular pressure, and displacements or deformations during

atrial systole. Simultaneous display of intraventricular pressure with synchronized longitudinal,

circumferential, and radial strains (ELL, ECC, ERR) during atrial systole illustrated the changes

occurring during atrial systole to the LV wall. In response to the increased pressure during atrial

systole and due to the myocardium passive response, the LV elongates – (corresponding to

positive longitudinal strains – and the LV wall becomes thinner – corresponding to positive

circumferential strains and negative radial strain. Mean peak atrial systolic strains and strain rates

were evaluated using the AHA segments, revealing significant differences between control and

MI groups in circumferential and longitudinal strains. However, radial strains did not show

significant differences. This may be also due to the difficulty in computing radial strains

accurately using DENSE MRI data. Our findings align with studies reporting reduced ventricular
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strain in MI patients compared to healthy individuals, though some studies report no significant

differences as well.

Our study quantifying strains during atrial systole is among the few to do so and sheds light on the

kinematics corresponding to the passive myocardium response.

For the final objective, data from the subject group control was used. The methodology primarily

involved the use of cardiac CINE DENSE MRI in conjunction with pressure data acquired via in

vivo cardiac catheterization continuously recorded throughout the MRI data acquisition process.

Additionally, ex vivo cDTI images were used to extract cardiac microstructural data. The study

incorporates both DENSE MRI and cDTI data to construct anatomically and microstructural

accurate mid-ventricular finite element models. The constructed pipeline to identify the material

properties was validated using known solutions computed in ABAQUS. After validating the

method, we utilized a MATLAB algorithm to compute the material properties of the passive

myocardium and characterize the passive myocardium response. This approach optimized

differences between internal (due to cardiac deformations) and external forces (due to LV

intraventricular pressure). The isotropic and anisotropic material properties were determined for

each subject and reported. The coefficients that overall scale the passive myocardium stiffness

reported across different studies using various material models were also reported and compared

with the newly computed properties, showing overall agreement. It is worth noting that the

overall passive myocardial stiffness parameters are derived from various constitutive laws and

thus we exclude comparison of anisotropic properties due to the different parameter definitions.

This study computed passive myocardium material properties by enforcing equilibrium between

internal and applied forces. The passive myocardium material properties were uniquely identified

and characterized the passive myocardium behavior using pressure and deformation data acquired

concurrently and patient-specific microstructural data. These material properties have the potential
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to better describe the passive myocardium response and could improve the passive myocardium

modeling. Furthermore, the use of the proposed pipeline with preclinical data paves the way for

future extensions of this methodology to measure passive myocardium properties using patient

data.

Suggestions for Future Work

In the following, we summarize a few key limitations of the presented work, offering a few

suggestions for future studies.

Cohort Size

The overall cohort size used in this study representing both control and MI subjects was small.

Future research to include a larger cohort is important to improve statistical significance, aiding in

detecting subtle yet significant effects.

Infarct Size and Location

Variations in infarct size and location within the MI subject group may arise from differences in

the chosen artery for infarction induction. Specifically, during the procedure, MI was induced

in branches of either the left anterior descending (LAD) or left circumflex (LCx) artery. These

differences can affect the remodeling process and therefore the passive myocardial stiffness and

EDPVR curve shifts. Subsequent investigations are needed to assess the impact of inducing MI in

the same artery versus different arteries.

Segment-wise Strain Quantification

This study aimed to quantify strains across various infarcted regions and AHA segments. Healthy

myocardium shows distinct strain patterns reflecting optimal function, whereas strain values

decreased significantly in infarcted tissue post-MI due to scar formation. However, by reporting
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strain values averaged over AHA regions in MI subjects, values in healthy and infarcted

myocardium are, in part, likely mixed. A better approach consists of carefully delineating

infarcted regions and reporting strain values only for those regions, not the standard AHA

regions. This would require further image segmentation and registration, including both rigid and

non-rigid components.

Method for Region-based Material Property Identification Using Whole Heart Models

This study assumed homogeneous material laws for the LV mid-ventricular section, providing an

average measure of the passive isotropic and anisotropic myocardium material response. Further

studies should include regional material properties to identify localized heterogeneities in both

health and disease, e.g., due to MI.
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framework for soft biological tissues. adjustment to experimental data. International journal

of solids and structures, 43(20):6052–6070, 2006.

[9] J Bardet, P Rocha, M Rigaud, JP Bourdarias, and A Mathivat. Left ventricular compliance

in acute myocardial infarction in man. Cardiovascular Research, 11(2):122–131, 1977.

[10] Aakash Bavishi and Ravi B Patel. Addressing comorbidities in heart failure: hypertension,

atrial fibrillation, and diabetes. Heart failure clinics, 16(4):441–456, 2020.

[11] Javier Bermejo, Raquel Yotti, Candelas Pérez del Villar, Juan C del Álamo,
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Antonius FW Van Der Steen, Nico De Jong, Johan G Bosch, Jens-Uwe Voigt, Jan D’hooge,

et al. Continuous shear wave measurements for dynamic cardiac stiffness evaluation in pigs.

Scientific Reports, 13(1):17660, 2023.

98

https://sphweb.bumc.bu.edu/otlt/mph-modules/ph/ph709_heart/ph709_heart2.html
https://sphweb.bumc.bu.edu/otlt/mph-modules/ph/ph709_heart/ph709_heart2.html


[21] Kenneth S Campbell and Vincent L Sorrell. Cell-and molecular-level mechanisms

contributing to diastolic dysfunction in hfpef. Journal of Applied Physiology, 119(10):1228–

1232, 2015.

[22] Chen-Huan Chen, Barry Fetics, Erez Nevo, Carlos E Rochitte, Kuan-Rau Chiou, PhillipYu-

An Ding, Miho Kawaguchi, and David A Kass. Noninvasive single-beat determination

of left ventricular end-systolic elastance in humans. Journal of the American College of

Cardiology, 38(7):2028–2034, 2001.

[23] Xiaorong Chen, Hongjie Hu, Yue Qian, and Jiner Shu. Relation of late gadolinium

enhancement in cardiac magnetic resonance on the diastolic volume recovery of left

ventricle with hypertrophic cardiomyopathy. Journal of Thoracic Disease, 6(7):988, 2014.

[24] Shahryar M Chowdhury, Ryan J Butts, Anthony M Hlavacek, Carolyn L Taylor, Karen S

Chessa, Varsha M Bandisode, Girish S Shirali, Arni Nutting, and G Hamilton Baker.

Echocardiographic detection of increased ventricular diastolic stiffness in pediatric heart

transplant recipients: a pilot study. Journal of the American Society of Echocardiography,

31(3):342–348, 2018.

[25] Charles S Chung, Julius Bogomolovas, Alexander Gasch, Carlos G Hidalgo, Siegfried

Labeit, and Henk L Granzier. Titin-actin interaction: Pevk-actin-based viscosity in a large

animal. Journal of Biomedicine and Biotechnology, 2011, 2011.

[26] Charles S Chung, Kirk R Hutchinson, Mei Methawasin, Chandra Saripalli, John E Smith III,

Carlos G Hidalgo, Xiuju Luo, Siegfried Labeit, Caiying Guo, and Henk L Granzier.

Shortening of the elastic tandem immunoglobulin segment of titin leads to diastolic

dysfunction. Circulation, 128(1):19–28, 2013.

[27] Charles S Chung, Methajit Methawasin, O Lynne Nelson, Michael H Radke, Carlos G

Hidalgo, Michael Gotthardt, and Henk L Granzier. Titin based viscosity in ventricular

99



physiology: an integrative investigation of pevk–actin interactions. Journal of molecular

and cellular cardiology, 51(3):428–434, 2011.
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[156] Wei Zhang and Sándor J Kovács. The diastatic pressure-volume relationship is not the same

as the end-diastolic pressure-volume relationship. American Journal of Physiology-Heart

and Circulatory Physiology, 294(6):H2750–H2760, 2008.

[157] Michael R Zile, Catalin F Baicu, and William H Gaasch. Diastolic heart

failure—abnormalities in active relaxation and passive stiffness of the left ventricle. New

England Journal of Medicine, 350(19):1953–1959, 2004.

[158] Michael R Zile, Catalin F Baicu, John S. Ikonomidis, Robert E Stroud, Paul J Nietert,

Amy D Bradshaw, Rebecca Slater, Bradley M Palmer, Peter Van Buren, Markus Meyer,

et al. Myocardial stiffness in patients with heart failure and a preserved ejection fraction:

contributions of collagen and titin. Circulation, 131(14):1247–1259, 2015.

[159] Michael R Zile and Dirk L Brutsaert. New concepts in diastolic dysfunction and diastolic

heart failure: Part i: diagnosis, prognosis, and measurements of diastolic function.

Circulation, 105(11):1387–1393, 2002.

118



[160] Michael R Zile and Dirk L Brutsaert. New concepts in diastolic dysfunction and diastolic

heart failure: Part ii: causal mechanisms and treatment. Circulation, 105(12):1503–1508,

2002.

119


	Characterizing The Material Response Of The Passive Myocardium
	STARS Citation

	ABSTRACT
	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	CHAPTER 1: INTRODUCTION
	Problem Definition and Motivation
	The Cardiovascular System and the Heart
	Objective and Primary Contributions of Current Study
	Organization of Dissertation

	CHAPTER 2: BACKGROUND AND LITERATURE REVIEW
	Pressure Volume loop
	Systolic/diastolic functions from LV PV loops
	Computation of indices of diastolic function
	Computation of LV end-diastolic pressure-volume relationship (EDPVR)


	Cardiac deformation (strain) mapping during atrial systole
	Material Parameters of the Passive Myocardium
	The material or constitutive law for the passive myocardium
	LV microstructure-based models


	CHAPTER 3: PRESSURE VOLUME LOOPS AND END DIASTOLIC PRESSURE VOLUME RELATION
	Experimental data
	Methodology and Data Analysis
	Generation of pressure curve
	Generation of volume data from CIM using cardiac CINE MRI
	Registration of pressure and volume data and in vivo pressure-volume loop generation
	In vivo end-diastolic pressure-volume relations (EDPVR)
	Quantification of in vivo LV cardiac indices
	Statistical analysis

	Results
	LV pressure-volume loops and diastolic pressure-volume relation
	Klotz predicted fit, Cubic polynomial fit, and Proposed fit of diastolic pressure-volume relation (PVR)
	Relationship between beta and different LV diastolic indices
	Comparison of beta with dPdV

	Discussion
	Study Limitations and future work


	CHAPTER 4: LV STRAINS DURING ATRIAL SYSTOLE
	Experimental data
	Methodology and Data Analysis
	Segmentation and image analysis of cardiac DENSE MRI data for the assessment of cardiac strain and deformations during atrial systole
	Registration of intraventricular pressure acquired during DENSE MR acquisition and cardiac strains during atrial systole
	Statistical analysis

	Results
	LV strain during atrial systole
	Peak LV strain and strain rate during atrial systole


	Discussion
	Study limitations and future work


	CHAPTER 5: PASSIVE MYOCARDIUM MATERIAL LAWS AND MATERIAL PROPERTIES
	Experimental data
	Methodology and Data Analysis
	External and internal forces
	The material law for the passive myocardium
	LV mid-ventricular models construction

	Results
	LV mid-ventricular models and intraventricular pressure load during atrial systole
	Validation of the proposed pipeline
	Computation of the material parameters describing the passive myocardium

	Discussion
	Study Limitations and future work


	CHAPTER 6: CONCLUSION
	A Brief Summary with Novelty and Significance of the Work
	Suggestions for Future Work

	LIST OF REFERENCES

