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Abstract

Abstract

Cardiovascular diseases (CVDs) remain the leading cause of death and disability worldwide.
Moreover, the life quality of patients is severely decreased by the long-term care required,
causing a significant increase in healthcare costs. Although several advancements have been
made for CVD management in terms of diagnostic, prognostic and therapeutic techniques, the
development of novel and more effective approaches is still required to decrease the preva-
lence of cardiac-related diseases. Early and accurate diagnosis of cardiac dysfunction plays a
significant role to reduce or stop disease progression. In this respect, efforts have been mainly
focused on non-invasive characterization of functional measures of myocardium that can in-

crease the diagnostic accuracy of traditional techniques.

In clinical cardiology, cardiac performance is mostly assessed based on global functional pa-
rameters, e.g., ventricular volume, ventricular mass and ejection fraction (EF). Although EF
has been the key parameter for disease diagnosis and management, it has been shown to be
in normal ranges despite specific dysfunctional cases, e.g. in heart failure with preserved ejec-
tion fraction. Strain, strain rate and torsion, however, have allowed for a deeper insight into
myocardial function, providing additional diagnostic and prognostic characterization on the
regional level in addition to the conventional functional measures. Global longitudinal and
circumferential strains are commonly used in clinical setting for assessing myocardial contrac-
tility. Although several research studies have reported left-ventricular radial strain and torsion
to be early indicators of impaired myocardial contractility, they are rarely utilized in the clinical

setting.

Computational models have become a powerful tool to characterize cardiac physiology in
health and disease and to extract functional parameters, e.g., stress and contractility, that
cannot be obtained directly by any in vivo techniques. Recent cardiac models account for
many aspects of cardiac behavior, spanning from electrophysiology, fluid mechanics and ma-
terial behavior. Several computational models have been proposed to study dysfunctional
cases, including myocardial infarction and ischemia, valvular disease and cardiomyopathies.

Moreover, incorporation of patient-specific cardiac geometries and functional parameters has
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brought a novel perspective to cardiac research. Given the recent improvements in medical
imaging technology, the generation of more detailed individualized cardiac models is a critical

step towards bringing translational computational models into clinic.

Several imaging modalities are utilized for diagnostic purposes in the clinics. Among them,
cardiovascular magnetic resonance (CMR) is accepted as the gold standard to assess myocar-
dial function. In the context of this thesis, the focus lies on two magnetic resonance (MR)
sequences: cine and tagged CMR, having their own advantageous features. Cine CMR provides
excellent tissue contrast to visualize cardiac anatomy for the characterization of global func-
tional measures, e.g., left-ventricular mass, volumes and EF. Tagged CMR allows for the as-
sessment of local deformation, e.g. strain, strain rate and torsion. Although global circumfer-
ential and longitudinal strains have a good reproducibility across image post-processing tech-
niques both on cine and tagged CMR, radial strain is mostly underestimated on tagged CMR

and varies significantly among different techniques regardless of the image type utilized.

To investigate the accuracy and precision of strain quantification, we performed a detailed
analysis using synthetic 3D tagged CMR, generated from a biomechanical model of the left
ventricle. Several image characteristics were varied including image resolution, tag line dis-
tance and the signal-to-noise ratio (SNR). A finite element-based image registration technique
was employed to track tissue motion over time. The resulting displacement and strain fields
are compared to ground truth to assess the contribution of each image characteristic to track-
ing errors. Radial strain is shown to be sensitive to changes in image resolution and SNR while
circumferential and longitudinal components are relatively robust with respect to changes in
image characteristics. This study stands as a systematic investigation of image requirements

for myocardial deformation quantification.

To address the shortcoming of individual cine and tagged CMR data analysis, we proposed a
combined image analysis technique of tagged and cine CMR to improve radial strain and twist
quantification. For this purpose, tracking is first performed on cine images and the resulting
displacement field is utilized to mask the tagged images; tracking is then performed on the
masked tagged images. The performance of the combined technique is shown both on human

and porcine datasets in terms of strain and twist quantification. The analysis results reveal the
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superiority of combined image registration over tagged-only analysis in terms of radial strain

quantification while more physiological twist is achieved compared to cine-only registration.



Zusammenfassung

Herz-Kreislauf-Erkrankungen (CVDs) sind nach wie vor weltweit die Hauptursache fiir Tod und
Invaliditat. Dartber hinaus wird die Lebensqualitat der Patienten durch die erforderliche Lang-
zeitpflege stark beeintrachtigt, was zu einem erheblichen Anstieg der Gesundheitskosten
fahrt. Obwohl beim CVD-Management in Bezug auf diagnostische, prognostische und thera-
peutische Techniken mehrere Fortschritte erzielt wurden, ist die Entwicklung neuer und ef-
fektiverer Ansatze immer noch erforderlich, um die Pravalenz von Herzerkrankungen zu ver-
ringern. Eine friihzeitige und genaue Diagnose von Herzfunktionsstérungen spielt eine wich-
tige Rolle, um das Fortschreiten der Krankheit zu reduzieren oder zu stoppen. In dieser Hin-
sicht konzentrierten sich die Bemiihungen auch auf die nicht-invasive Charakterisierung funk-
tioneller Messungen des Myokards, die die diagnostische Genauigkeit herkdmmlicher Techni-

ken erhohen konnen.

In der klinischen Kardiologie wird die Herzleistung meist anhand globaler funktioneller Para-
meter beurteilt, z. B. Ventrikelvolumen und masse sowie Auswurffraktion (EF). Obwohl EF der
Schliisselparameter fiir die Krankheitsdiagnose und behandlung ist, wurde gezeigt, dass sie
trotz spezifischer dysfunktionaler Falle, z.B. Herzinsuffizienz mit erhaltener Auswurffraktion,
in normalen Bereichen liegen kann. Dehnung, Dehnungsrate und Torsion haben einen tieferen
Einblick in die Myokardfunktion erméglicht und im Vergleich zu den herkdmmlichen funktio-
nellen Massen eine zusatzliche diagnostische und prognostische Charakterisierung auf regio-
naler Ebene bereitgestellt. Globale Langs und Umfangsdehnungen werden im klinischen Um-
feld haufig zur Beurteilung der myokardialen Kontraktilitat verwendet. Obwohl mehrere For-
schungsstudien berichtet haben, dass radiale Dehnung und Torsion des LV Friihindikatoren
fur eine beeintrachtigte myokardiale Kontraktilitat sind, werden sie im klinischen Umfeld sel-

ten verwendet.

Computermodelle sind zu einem leistungsstarken Werkzeug geworden, um die Herzphysiolo-
gie bei Gesundheit und Krankheit zu charakterisieren und auch funktionelle Parameter, z.B.

neuere Herzmodelle bericksichtigen mehrere Aspekte des Herzverhaltens, die von
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Elektrophysiologie, Strémungsmechanik und Materialverhalten reichen. Es wurden mehrere
Rechenmodelle vorgeschlagen, um dysfunktionale Falle zu untersuchen, darunter Myokardi-
nfarkt und Ischamie, Herzklappenerkrankungen und Kardiomyopathien. Darlber hinaus hat
die Einbeziehung patientenspezifischer Herzgeometrien und funktioneller Parameter eine
neue Perspektive in die Herzforschung gebracht. Angesichts der jingsten Verbesserungen in
der medizinischen Bildgebungstechnologie ist die Generierung detaillierterer individualisier-
ter Herzmodelle ein entscheidender Schritt, um translationale Computermodelle in die Klinik

zu bringen.

Mehrere bildgebende Verfahren werden fir diagnostische Zwecke in den Kliniken verwendet.
Unter ihnen gilt die kardiovaskulare Magnetresonanz (CMR) als Goldstandard zur Beurteilung
der Myokardfunktion. Im Zusammenhang mit dieser Arbeit sind zwei Magnetresonanz (MR)-
Sequenzen erwdhnenswert; cine und tagged CMR, die je ihre eigenen vorteilhaften Eigen-
schaften haben. Cine CMR bietet einen hervorragenden Gewebekontrast und damit eine Vi-
sualisierung der Herzanatomie zur Charakterisierung globaler Funktionsmasse, z.B. links-
ventrikuldare Masse, Volumen und EF. Das tagging CMR ermdglicht die Beurteilung lokaler Ver-
formungen, z.B. Dehnung, Dehnungsrate und Torsion, was mit cine CMR aufgrund fehlender
Merkmale in der Myokardwand nicht mdéglich ist. Obwohl globale Umfangs und Langsdehnun-
gen eine gute Reproduzierbarkeit sowohl bei der cine als auch beim tagging CMR aufweisen,
wird die radiale Dehnung beim tagging CMR unterschatzt und variiert erheblich zwischen den

verschiedenen Techniken, unabhdngig vom verwendeten Bildtyp.

Um die Genauigkeit und Prazision der Dehnungsquantifizierung zu untersuchen, haben wir in
eine detaillierte Analyse mit synthetischem 3D-getaggtem CMR durchgefiihrt, das aus einem
biomechanischen Modell des linken Ventrikels generiert wurde. Mehrere Bildeigenschaften
wurden variiert, darunter die Bildaufldsung, der Taglinienabstand und das Signal-zu-Rausch-
Verhaltnis (SNR). Eine Finite-Elemente-basierte Bildregistrierungstechnik wird verwendet, um
die Gewebebewegung lber die Zeit zu verfolgen. Die resultierenden Verschiebungs und Deh-
nungsfelder werden mit der bekannten Referenz verglichen, um den Beitrag jedes Bildmerk-
mals in Hinblick Verfolgungsfehlern zu bewerten. Die radiale Dehnung reagiert empfindlich

auf Anderungen der Bildauflésung und des SNR, wihrend Umfangs und Liangskomponenten
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relativ robust gegeniiber Anderungen der Bildeigenschaften sind. Diese Studie steht als syste-
matische Untersuchung der Bildanforderungen fiir die Quantifizierung der myokardialen De-

formation.

Um die radiale Dehnungs und Verdrehungsquantifizierung der getaggten CMR-Datenanalyse
zu verbessern, schlagen wir eine kombinierte Bildanalysetechnik aus getaggtem und cine-CMR
vor. Zu diesem Zweck wird zuerst eine Bildregistrierung an Cine-Bildern durchgefiihrt und das
resultierende Verschiebungsfeld wird verwendet, um die getaggten Bilder zu maskieren; die
Verfolgung wird dann an den maskierten Taging-Bildern durchgefiihrt. Die Leistung der kom-
binierten Technik wird sowohl an Human als auch an Schweinedatensatzen im Bezug auf die
Dehnungs und Verdrehungsquantifizierung gezeigt. Die Analyseergebnisse zeigen die Uberle-
genheit der kombinierten Bildregistrierung gegentiber der nur getaggten Analyse im Bezug auf
die Quantifizierung der radialen Dehnung, wahrend im Vergleich zur reinen Cine-Registrierung

eine grolRere physiologische Verdrehung erreicht wird.
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Chapter 1

Introduction

This chapter introduces the basic motivation and the brief outline of the thesis.

1.1. Motivation

Despite remarkable progress in diagnostic and therapeutic techniques, cardiovascular
diseases (CVDs) remain the leading cause of death worldwide [Timmis et al., 2020; Virani et
al., 2021]. According to the European Cardiovascular Disease Statistics 2019 [Timmis et al.,
2020], around 9.6 million people lose their life due to a cardiac-related disease in the member
countries of the European Union. Moreover, CVDs significantly contribute to healthcare
expenditures, which are expected to increase exponentially in the near future [Timmis et al.,
2020]. Early detection of cardiac dysfunction is crucial to allow for early treatment and to
increase the life expectancy of patients. It is foreseeable that novel cardiac biomarkers
integrated with modern imaging modalities will provide greater insight into cardiac physiology
and pathology, supporting early diagnosis and development of more robust treatment

strategies.

The assessment of regional left-ventricular (LV) function is crucial for the diagnosis and
management of CVDs [Abraham et al., 2002]. Compared to LV global metrics, e.g., ventricular
volume and ejection fraction, regional contractile properties are more sensitive to e.g.
ischemic events, which relate toimbalances in oxygen supply and demand in myocardial tissue
[Ross, 1999]. Among the clinical metrics, quantitative evaluation of wall thickness is known to
yield accurate results [Castillo et al., 2003]. Myocardial strain, however, allows for a
comprehensive analysis of cardiac motion accounting for deformation in the circumferential,
longitudinal, and radial directions [Smiseth et al., 2016]. Moreover, LV strain rate and rotation
are clinically significant metrics on the regional performance of the LV myocardium [Gétte et

al., 2006; Smiseth et al., 2016].
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Several cardiovascular magnetic resonance (CMR) techniques have been introduced to image
and quantify myocardial deformation. Among them, cine CMR has been considered the
reference method for imaging cardiac anatomy and ventricular volumes [La Gerche et al.,
2013]. The advantages of cine CMR, e.g., excellent tissue contrast and absence of ionizing
radiation, have enabled its wide usage in clinical practice for the routine evaluation of variety
of cardiac diseases [Pennell et al., 2004]. Although cine CMR yields robust estimates of global
functional parameters, it is limited in assessing the regional heterogeneity of myocardial
deformation due to the lack of features to be tracked on the myocardial wall. Tagged CMR
allows for regional motion quantification based on line or grid pattern modulation on the LV
[Zerhouni et al., 1988]. It yields estimates of deformation in the circumferential and
longitudinal directions. However, tag lines generated on the myocardial wall do not allow for
an accurate segmentation of endocardial and myocardial borders, compromising ventricular
functional analysis. As a consequence, radial strain is consistently underestimated by any
motion tracking algorithm on tagged data [Tobon-Gomez et al., 2013]. However, there is no
systematic study to date devoted to the investigation of possible causes of such an

underestimation.

The first part of the thesis aims to clarify resolution and signal-to-noise ratio (SNR)
dependencies of strain analysis from tagged CMR by a detailed study on motion quantification
from synthetic three-dimensional (3D) tagged CMR data generated using a biomechanical
model of the LV. It is shown that radial strain estimation is sensitive to image resolution and

SNR, implying the need for higher resolution and SNR to estimate radial strain accurately.

In view of the analysis results, the second part of the thesis presents a joint image registration
technique of tagged and cine CMR for an improved LV strain and twist quantification. It is
demonstrated that the combined approach provides more physiological LV strain and twist
compared to each data source alone. Similar to the image combination techniques proposed
in the literature [Shi et al., 2012; Schrauben et al., 2018], the aim is to utilize the advantageous
features of each imaging modality; acquiring global shape information from cine CMR and

local deformation from tagged CMR.

11
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This thesis presents a systematic study on LV deformation quantification from cine and tagged
CMR using a finite element-based image registration method. The research proposes
improvements for enhanced radial strain estimation from tagged CMR. Moreover, the
combined image analysis technique stands as a promising alternative, yielding more
physiological estimates of LV radial strain and twist. Thereby, in addition to the clinically
accepted deformation measures, LV radial strain and twist can be used for a more
comprehensive assessment of myocardial function to detect early alterations in the

myocardium before global impairment occurs.

1.2. Outline

This thesis is organized as follows. Chapter 2 lays out the basics of cardiac physiology and the
current state of modeling approaches for cardiac mechanics with the fundamentals of
continuum mechanics summarized. Chapter 3 introduces the cardiac imaging modalities and
myocardial motion analysis techniques with an emphasis on CMR. In Chapter 4, the clinical
utility of CMR tracking is introduced with a brief summary of future applications. Chapter 5
presents a detailed analysis of LV myocardial motion quantification using finite element-based
image registration, that allows assessing the accuracy of current metrics while revealing
possible improvements to acquire more robust estimates. To this end, Chapter 6 introduces a
combined image analysis technique of cine and tagged CMR to address the limitations of each
imaging modality, aiming to improve myocardial deformation assessment. Chapter 7

concludes the thesis with a discussion and outlook of improvements.

12



Chapter 2
Cardiac Physiology and Mechanical Modeling

The aim of this chapter is to introduce the basic concepts of cardiac anatomy and physiology,
mainly focusing on the electrical and mechanical functions of the heart. A brief overview of
the fundamental concepts of continuum mechanics is introduced before the current state of

the art on cardiac mechanical modeling.

2.1. The Heart

This section outlines the basics of cardiac anatomy, describing the main components and their
role in cardiac function. The myocardial architecture is later introduced, and the cardiac cycle

is briefly summarized in terms of the electrical and mechanical activity of the heart.

2.1.1. Cardiac Anatomy

The heart is the main organ in the cardiovascular system, responsible for pumping blood
throughout the body to provide the central and peripheral tissues and organs with oxygen and
nutrients. Moreover, it regulates the distribution of hormones and the removal of metabolic
wastes vital for the living organism. A healthy human heart is about the size of a closed fist

and weighs between 200 to 425 grams.

The human heart consists of four chambers, see Figure 2.1. The right and left atria are the
upper chambers, divided by the interatrial septum. The right atrium receives the venous blood
through the superior and inferior venae cavae, which transport deoxygenated blood. The left
atrium receives the oxygenated blood from the lungs through the pulmonary vein. The right
and left ventricles, divided by the interventricular septum, constitute the lower chambers,

with the LV having the largest volume among all chambers. Compared to other chambers, the
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LV has a relatively thicker wall so that it can generate higher pressure to pump blood to the

entire body through the aorta.

Pulmonary
veins

Inferior
vena cava

Figure 2.1. Anatomy of the human heart representing the atria, ventricles, major blood ves-
sels, and valves. The arrows represent the direction of blood flow; red for oxygenated and
blue for deoxygenated blood. Adapted from www.texasheart.org.

One-way regulation of blood flow through the heart is maintained by the atrioventricular and
semilunar valves. The two AV valves, the mitral and tricuspid valves, prevent blood flow from
the ventricles to the atria. The mitral valve allows blood flow from the LA to the LV while the
tricuspid valve is responsible for controlling the flow from the right atrium to the RV. The
semilunar valves, i.e., the pulmonary and aortic valves, prevent the backflow of blood into the

ventricles.

2.1.2. Cardiac Microstructure

Covered by a double-walled sac, called the pericardium, the heart wall is composed of three

distinctive layers; epicardium, myocardium, and endocardium, see Figure 2.2.
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The endocardium, the innermost layer, lines the cardiac chambers. It is approximately 100 um
in thickness and primarily composed of endothelial cells. The outermost layer, the epicardium,
functions as the protective layer with a thickness of 2 mm with the main constituent of
epimysial collagen. The pericardial cavity, layered by the parietal pericardium outside and
visceral pericardium inside, contains the pericardial fluid that helps decrease the friction

between layers as the heart pumps blood.

Myocardium

Endocardium

Figure 2.2. Representation of the layers of the human heart wall; endocardium (inner layer),
myocardium (middle layer), and epicardium (outer layer). lllustration by BruceBlaus, li-
censed under CC BY 3.0.

The myocardium lies between the epicardium and endocardium and constitutes the thickest
layer of the heart wall. It is the main functional unit being responsible for the pumping action.
The myocardium has unique cellular and physiological characteristics that allow repeated
contraction of the heart and provide an efficient mechanism to distribute blood through the
whole body. It is composed of specialized collections of cells organized in a highly hierarchical

structure, see Figure 2.3.

At the tissue level, the myocardium is layered into sheetlets, a small group of cardiomyocytes

(muscle fibers) [Sands et al., 2005; Hales et al., 2012], composed of four to six cells with 100-
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200 um in thickness. These structures are bound by the perimysium, a collagenous connective
tissue [Le Grice et al., 1997] mainly composed of type |, lll, and V collagen [Light & Champion,
1984]. The laminar organization of sheetlets [Smaill & Hunter, 1991; Le Grice, Smaill, et al.,
1995], which are coupled by the extracellular collagen fibers, has been associated with
ventricular wall thickening at the macroscopic level during contraction of the heart [Le Grice,
Takayama, et al.,, 1995; Costa et al., 1999]. The local arrangement of sheetlets can be
determined based on the sheetlet angle that serves as a biomarker for the assessment of

cardiac function [Tueni et al., 2020].

a.
Muscle bundle
Muscle fiber
b Diameter (0.1 mm)
C. Myofibril

Diameter (0.001 mm)
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Figure 2.3. The hierarchical organization of the skeletal muscle, (a) from tissue level down
to (b) muscle fiber (muscle cells) and (c) myofibrils. (d) At the lowest scale, myofibrils are
made of sarcomeres with the contractile proteins actin and myosin. Adapted from
www.spring8.or.jp.

The components of sheetlets, cardiomyocytes (Figure 2.3b), are the basic contractile units of
the heart with a cylindrical shape and a length of around 100-150 um and a diameter ranging
between 10-25um. The cardiomyocytes are surrounded by cardiac collagen matrix and

connected to each other through intercalated discs at their ends [Kanzaki et al., 2010] and
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known to change their form and function due to the growth and remodeling of the heart.
These contractile units follow a right-handed spiral-like arrangement in the endocardium to a
left-handed one in the epicardium, with a smooth transition across the wall [Rohmer et al.,
2007], as for example imaged by diffusion tensor imaging, see Figure 2.4. The special
arrangement of fibers has been shown to play a decisive role in determining electrical and
mechanical properties of the heart [Fleming et al., 2008; Lekadir et al., 2014; Palit et al., 2015;

Qin & Fei, 2015].
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Figure 2.4. Cardiac myofiber distribution imaged by diffusion tensor imaging. The smooth
transition across the wall from a right-handed spiral-like pattern in the endocardium to a
left-handed one in the epicardium is represented on different views. Adapted from [Rohmer
et al., 2007].

The cardiomyocytes are made up of myofibrils (Figure 2.3c), which are composed of long
bundles of sarcomeres (Figure 2.3d), which are the main contractile units of the myocardium.
They have an approximate length of 2 um and are composed of two major proteins aligned in
parallel; thin actin filaments and thick myosin filaments anchored to z-lines (Figure 2.3d).
These proteins generate tension, sliding over each other, thereby pulling the z-lines closer, as

described in the sliding filament theory [H. E. Huxley, 1963]. Based on the complex ion
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dynamics at the cellular level, this theory explains how the cross bridges are formed, and the
sarcomeres change length due to contraction, which is reflected as the change of length of
the muscle at the tissue level [Quarteroni, Lassila, et al., 2017].

On the cellular level, the structural changes caused by maladaptive cardiac growth can be
explained by the way the sarcomeres are added to each other (Figure 2.5). In case of volume
overload (e.g., due to aortic regurgitation), the sarcomeres are added in series (eccentric
hypertrophy), causing ventricular dilation at the organ level. If the driving factor is volume
overload (e.g., due to mitral regurgitation), the sarcomeres are arranged in parallel (concentric

hypertrophy) [Dorn et al., 2003], causing ventricular wall thickening.

i Apoptosis

?

Growth
stimuli

Concentric hypertrophy Increased expression

of embryonic genes

& Dk ,\ )

< = Eccentric hypertrophy
Sarcomeric disorganization \

Figure 2.5. Maladaptive morphological changes in myocytes in response to different growth
stimuli. In case of pressure overload, sarcomeres are added in parallel at the cellular level
while they are added in series if the driving factor is the volume overload. Extracted from
[Hunter et al., 1999].

2.1.3. Cardiac Cycle

A complete cardiac cycle refers to the coordinated contraction and relaxation of atria and
ventricles during a heartbeat. In terms of mechanical changes, it can be divided into four
phases: isovolumetric contraction, ejection, isovolumetric relaxation, and filling. Figure 2.6
represents the change in aortic pressure, atrial pressure, LV pressure, LV volume, and
electrocardiogram (ECG) during a cardiac cycle. The activation is initiated by the spontaneous
action potentials generated in the sinoatrial node, causing the depolarization of the atria,

which is shown by the P wave on ECG. The contraction of the atria due to depolarization
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causes an increase in the atrial pressure. The left ventricular volume just after the atrial
contraction is called the end-diastolic (ED) volume, which is around 120 ml for a healthy

human heart.
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Figure 2.6. Cardiac cycle diagram showing the electrical and mechanical changes during a
heartbeat. Changes in aortic pressure, LV pressure, atrial pressure, LV volume, and
electrocardiogram (ECG) are depicted with respect to time. Adapted from [Klabunde, 2005].
The electrical waves are transmitted to the ventricles through the atrioventricular node,
causing the ventricles to depolarize, shown by the QRS complex of the ECG. Explained by
electromechanical coupling, electrical activation causes the contraction of the ventricles,
followed by an increase in intraventricular pressure. As the pressure in the right and left
ventricles exceeds the atrial pressure, the AV valves are closed, increasing the ventricular
pressure without a change in volume while the chambers keep contracting. This phase is
known as the isovolumetric contraction phase and is represented in Figure 2.6b. The
interventricular pressure increases until it exceeds the aortic pressure, which causes the
semilunar valves to open, and ejection begins, as shown in Figure 2.6c. During this phase, the

rate of ejection decreases, which is followed by the repolarization of the ventricle, depicted
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by the T wave in the ECG and a decrease in the LV pressure (Figure 2.6d). The decrease in LV
pressure below the aortic pressure causes the closure of aortic and pulmonic valves, hence,
the ventricular volume is kept constant while the LV pressure is still decreasing. This phase is
called the isovolumetric relaxation phase (Figure 2.6e). The LV volume at the end of this phase
is called the end-systolic (ES) volume, which is around 50 ml. The increase in atrial pressure
during this phase is observed due to venous return. When the LV pressure falls below the

atrial pressure, the AV valves open, and ventricular filling starts (Figure 2.6f).

2.2. Fundamentals of Continuum Mechanics

Continuum mechanics deals with the mathematical description of the material motion and
deformation, relating the strains with the resulting stresses assuming a continuous
distribution of the mass. This section outlines the fundamentals of non-linear continuum
mechanics and the key quantities which form the basics of this thesis, i.e., the kinematics of

deformation, stress measures, and the balance equations.

2.2.1. Kinematics

Kinematics is concerned with the mathematical representation of the motion of objects. A
continuous description of the matter is assumed, represented by the body B, which is
composed of an infinite number of points, P € B. The motion of a solid body can be
considered as a family of configurations parameterized by time t. It is convenient to describe
the configuration of a solid body at time t, as reference state (Lagrangian/material
configuration), occupying the region (,. Likewise, the deformed state (Eulerian/spatial
configuration) of the body B at any time t # t, is denoted by the region (). The position
vectors at reference and the spatial configurations of material point P are labeled by X € Q,

and x € (), respectively, see Figure 2.7.

20



Cardiac Physiology and Mechanical Modeling
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(X, t)

dX dx

Figure 2.7. Motion of a continuous body in time.

We can relate a particle P € B to points X € (), and x € (2 throughthe map X; X = X(P,t,)

and x = X' (P, t), respectively, yielding the following relation:

x= X[X;7'X 0] =X 1), (2.1)

@, which is the deformation map, describing the motion of the body between the reference
and the spatial configurations, which can also be uniquely inverted to represent the inverse

motion; X = @ 1(x,t).

2.2.1.1. Fundamental Geometric Maps

Deformation gradient, F(X,t) = %, can be considered as the primary deformation

measure in continuum mechanics and serves as a mapping between the referential tangent

vector dX and its spatial counterpart dx through the following relation:

dx = F(X,t)dX. (2.2)

Based on F, the volume elements in the reference and current configurations are related by:

dv =J(X,t)dVv, (2.3)
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where | represents the determinant of F, ] = det F. The impenetrability of the material body
induces J(X,t) > 0 for X € Q, at any time t. For incompressible materials, | satisfies the

condition

] =detF =1. (2.4)

Another geometric map represents the relationship between the normals in the reference and
current configurations, denoted by n and N, respectively. We start by defining the volume

map as follows:

ds - dx = J(dS - dX), (2.5)

where dS = dSN and ds = dsn stand for the infinitesimal area elements in the reference and
current configurations. Inserting Equation 2.2, we obtain the area (normal) map as follows:
ds - (FdX) = J(dS - dX),

ds = JF~TdS. (2.6)

2.2.1.2. Strain Measures

Right and Left Cauchy-Green Strain Tensor. Cauchy-Green strain tensors are used to repre-
sent the deformation of the tangential vectors between the reference and current configura-
tions. We assume that dX™ and dX® are the two tangent vectors defined in the reference
configuration while dx(® and dx® represent their spatial counterparts. The dot products of
the referential and spatial vectors are related by:
dx@ . dx®@ = (FdX(l)) . (FdX(Z))
= dX® (FTF) dX® 2.7)
=dx® ¢ dX(Z),

where Cis the Right Cauchy-Green Tensor, defined in the reference configuration. In order to
define its spatial counterpart, Equation 2.7 is reformulated in terms of the inverse defor-
mation gradient, F~1, as follows:
dX® . dX® = (F~1dx®) - (F~1dx®)
=dx® (F-TF1) dx® (2.8)
=dx® b~ dx®,

22



Cardiac Physiology and Mechanical Modeling

where b is the Left Cauchy-Green tensor. Both Cauchy-Green tensors are symmetric and pos-
itive definite, and contain strain information excluding the rigid body rotation. The principal

scalar invariants of C and b are equal and given as:

Il =1tr C; (29)
I = [1 - tr(C?)], (2.10)
I; = detC, (2.11)

where I; = 1 for incompressible materials in relation to Equation 2.4.

Green-Lagrange and Euler-Almansi Strain Tensor. In order to define the change in squared
length of the tangents, we further introduce two more strain tensors. First, the Green-La-

grange strain tensor, E, is obtained through the relation:
%(Idxlz —1dX|?) = g(dXCdx — dX - dX)
= > (dX(C - DdX) (212)

= dXEdX,

where E = %(C — I). Reformulating Equation 2.12 in terms of the Left Cauchy-Green tensor,

. . . 1 _
one can obtain the Euler-Almansi strain tensor as e = 5 (I-b™1).

2.2.2. Concept of Stress and Fundamental Stress Measures

Consider a cut-out part B, C (), and its spatial counterpart §;, < (1, whose boundaries are
represented by 0B, and 95, respectively, see Figure 2.8. A traction force T occurs on the
surface of the reference subdomain B,, due to the rest of the body. Similarly, t, defined on the
surface §p, represents the action of the rest of the body and called as Cauchy (true) traction
vector. These two traction vectors can be related through the Cauchy stress tensor, o,

according to the Cauchy’s theorem:

t:= on. (2.13)
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Geometrically, o is a second order tensor field mapping of the normal vector n onto the
tangent vector t. The Kirchhoff stress tensor, is derived by multiplying the Cauchy stress

tensor, o, with the Jacobian J

T:= Jo. (2.14)

The Lagrangian counterpart of Eulerian Cauchy’s theorem can be formulated as

T:=P-N, (215)

where P is the first Piola-Kirchhoff stress tensor, mapping the reference normal to N to the
reference traction vector T defined on the deformed area and parallel with t, (Figure 2.8),
satisfying

TdA = tda. (2.16)

Figure 2.8. Traction vectors and the unit outward normals represented on the cut-out parts
of the body for the reference and spatial configurations.

Combining these two, the first Piola-Kirchhoff stress tensor is determined as

PNdA = onda,
P =JoF 7, (2.17)
=1FT.

The last stress measure, the second Piola-Kirchoff stress tensor S, is defined as a mapping

from the reference normal N to the reference traction vector T, through T = SN.

24



Cardiac Physiology and Mechanical Modeling

2.2.3. Balance Principles

The balance laws of continuum mechanics are a set of differential equations that are valid for
any particular material and must be satisfied for all time frames. The balance principles are
based on the conservation of mass, linear momentum, angular momentum and first and

second laws of thermodynamics.

Balance of mass. The fundamental principle states that mass, M, of a deformable body B is
assumed to be a conserved material property that is independent of time and deformation. If
po(X) and p(x,t) are the mass densities in the reference and current configurations,

respectively, following relation must be satisfied:

d d

Recalling Equation 2.1 and Equation 2.3, mass densities in the reference and current

configurations can be related as follows:

QO[Po(X) —p(eX, 1), )](X,0)]dV = 0. (2.19)

resulting in the continuity mass equation p(@(X,t),t) = J(X,t) - po(X).

Balance of linear momentum. The momentum balance equations are obtained by adopting
Newton’s first and second principles of motion on the continuum level. Assuming that V(X t)

and v(X, t) represent the reference and current velocity fields, the total linear momentum is:

I(t) = fﬂ

In large deformation theory, the time derivative of the total linear momentum equals the

Po(X)V(X,dV = fﬂ p(x, Yv(x, t)dv. (2.20)

0

summation of the forces acting on the body, stated by the equation:

d
e Qp(x,t)v(x,t)dvz fﬂpbdv+ fmtda, (2.21)
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in terms of the traction force and body force, t and b, respectively. Inserting Equation 2.13

and using the divergence theorem and mass conservation principle, we obtain:

f (div (o) + pb — pv)dv =0, (2.22)
Q

which is valid for any domain (Q, yielding the local spatial form of the balance of linear

momentum:

pv = div (o) + pb, (2.23)
which can be written in the reference configuration as p,V = DIV (P) + p,B.

Balance of angular momentum. Following the same approach, the total angular momentum
in the reference and current configurations is formulated as the cross product of the position

vector and the linear momentum:

J(t) = L X X po(X, ) V(X,)dV = L x X p(x,)v(x, t)dv. (2.24)

The balance principle for the angular momentum requires that the time derivative of the
angular momentum should be equal to the sum of the moments acting on the body, written

in equation form as:

d
—fXvadV:IXXpbdv+fxxtda. (2.25)
dtJg Q 20 '

Recalling Equation 2.13, Cauchy and divergence theorems,

fx X (pv — pb — div (G)) dv = 0. (2.26)
Q

This relation holds only when the Cauchy stress tensor, o, is symmetric, providing the

following symmetry relations

o= o ,t= 1,PFT = FPT,§ = ST. (2.27)

First and second laws of thermodynamics. From the perspective of constitutive modeling, the

first and second laws of thermodynamics can be used to express the “Clausius-Duhem
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inequality” which is crucial while describing the consistent material behavior. For this purpose,

we introduce the first principle which is concerned with the conservation of energy:

P:F-DIV(Q)+ R= ¢ (2.28)

in terms of P: F, Q, R, and e that are the stress power in the current configuration, the heat

flux, heat production, and the internal energy in the reference configuration, respectively.

The second law of thermodynamics explains the energy transfer between systems,
introducing the variable, called entropy, S, which is a measure of disorder. Based on the

principle that the entropy production is a non-negative quantity, the balance equation is

5+ DIV (g) - % >0, (2.29)

in terms of s, and 6, that are specific internal entropy and temperature in the reference
configuration, respectively. The Clausius-Duhem inequality is obtained by combining Equation
2.28 and Equation 2.29:

5+ DIV (%) _ %(é _ P:F + DIV(Q)) > 0. (2.30)

Expanding the divergence operator and introducing the specific free energy ¥ = W(F,0) =
e — 0s, and its time derivative as W = é — Os — 03,

. . .1

Y+s0—-P:F+ 6Q-VX920,

W N . row . (2.31)
( P).F 8(69+S)+9Q-VX920.

oOF
The free energy function is expressed in terms of the stress tensors based on the fact that

Equation 2.31 must be valid for any F and 6. Hence,

ov
P = T (2.32)

where W must also satisfy the material objectivity, which is a fundamental concept in
continuum mechanics stating that the material properties are independent of the rigid body

motions, which can be naturally enforced by using the following variant of Equation 2.31:
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Jd¥(C,0
g PO

ac (2.33)

Thus, choosing an appropriate stress-strain relationship, i.e. a material behavior, amounts to
specify a free energy potential. This section presents the fundamentals for the mechanical

modeling approaches presented in the next section.

2.3. Cardiac Mechanical Modeling

This section outlines an overview of the current state of the art on computational modeling

approaches to the cardiovascular system, with an emphasis on LV mechanical models.

2.3.1. Overview

Several mathematical models have been developed to simulate cardiac function [Noble, 2002;
Hunter et al., 2003]. Due to its composite and complex nature, the first models assumed a
modular framework, representing the individual components, e.g., the microvasculature
[Quarteroni et al., 2000, 2009; Nichols et al., 2011], electrical [Plonsey & Barr, 1987; Gulrajani,
1988; Alonso et al., 2016] or mechanical activity of the heart [Hunter et al., 1998], systemic or
pulmonary circulation [Sharp & Dharmalingam, 1999; Kheyfets et al., 2013]. The ultimate goal
of these computational models is to develop robust and reliable in-silico models representing
the whole cardiovascular system to explain the physiological processes, using appropriate
coupling conditions and advanced numerical techniques [Quarteroni, Manzoni, et al., 2017].
Advances in cardiac imaging modalities have recently provided anatomically-detailed
ventricular geometries, allowing for a deeper understanding of cardiac function through more
realistic models [Gurev et al., 2011]. Moreover, the cardiac models integrated with image-
based individual geometries serve as a validation of image registration techniques for the
assessment of myocardial contractility [Phatak et al., 2009; Genet et al., 2018; Berberoglu et

al., 2019] and to improve the current image acquisition techniques [Berberoglu et al., 2021].
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2.3.2. Computational Modeling of the Heart

Computational cardiac modeling requires linking the behavior on the molecular, cellular, and
organ level simultaneously. Recent advances in computational methods provide robust and
realistic cardiac models where the interaction between different functional levels can be
simulated [Noble, 2002; Bovendeerd, 2012]. Such models have emerged as a promising tool
to investigate different pathologies [L. C. Lee et al., 2014], e.g., aortic aneurysms, coronary
stenosis, and cardiac valvular disease, and also for the optimization of existing therapeutic
techniques, e.g., LV assist devices, cardiac resynchronization therapy (CRT), ablation therapy,
and risk stratification. Compared to atrial [Gonzales et al., 2013] and four-chamber
[Trayanova, 2011] models, research has been mostly focused on the ventricular modeling

[Aguado-Sierra et al., 2011; Berberoglu et al., 2014; Genet et al., 2014; Rossi et al., 2014].

Ventricular geometry. Cardiac models have benefitted significantly from the advances in
cardiac imaging [Trayanova, 2011]. The previous models of the heart were developed using
idealized geometries, e.g., spherical, cylindrical, or elliptical ventricular models [Arts et al.,
1979; Guccione et al., 1991, 1993; Bovendeerd et al., 1992]. Gradually, more accurate
ventricular geometries were developed using histological techniques on animal hearts, e.g.,
rabbits and dogs [Hunter et al., 1992; Vetter et al., 1998], accounting for the anisotropic
properties of the myocardium. Guccione et al. [Guccione et al., 1995] utilized an LV geometry
of the canine heart to demonstrate the regional changes in LV deformation and its relation to
the spatial position and fiber angle. Recently, magnetic resonance (MR) and diffusion tensor
imaging provide high spatial resolution images of the heart; at the scale of the fiber and sheet
structure [Helm et al., 2005; Gurev et al., 2011] that allow for a structurally-motivated
strain/stress distribution for the healthy myocardium and simulation of several pathologies
affecting cardiac geometry, e.g., remodeling of the heart and myocardial infarction (Ml)

[Vadakkumpadan et al., 2010].

Passive behavior. Cardiac mechanics simulation is based on solving a set of nonlinear
differential equations, requiring the incorporation of accurate material models and boundary
conditions. Several studies have been conducted to understand the highly nonlinear structure

of the myocardium [Young et al., 1998; Sands et al., 2005], and models have been proposed
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to understand the behavior of cardiac structure [Gilbert et al., 2007]. Today, it is known that
the LV myocardium is composed of bundles of myofibers that have a transmural distribution
across the ventricular wall [Le Grice, Smaill, et al., 1995], which is the basis for both the
electrical and mechanical behavior of the heart. Referring to the characteristic fibrous
structure of the myocardium, previous models were based on a transversely isotropic
architecture, which assumes that the material properties are symmetric about the myofiber
axis only [Humphrey & Yin, 1987; Humphrey et al., 1990; Guccione et al., 1991; Kerckhoffs et
al., 2003]. The myocardium has later been shown to be an orthotropic microstructure through
shear experiments [Dokos et al., 2002; Tueni, 2021], and several models have been developed
which can model the distinct behavior of the myocardium in mutually orthogonal planes
[Costa et al., 1996; Schmid et al., 2006]. In a recent model proposed by Holzapfel and Ogden
[Holzapfel & Ogden, 2009], the myocardium is assumed to be a non-homogeneous, thick-
walled, non-linearly elastic and incompressible material, accounting for structural properties

of the myocardium, depicted in Figure 2.9.

The proposed strain energy function is formulated in terms of the unit vectors f,, s, and n,

representing the muscle fiber, myocardial sheet, and the normal directions, respectively:

LP(C' p) = W(IC) + Wff(Iff) + Wss(Iss) + Wfs(Ifs) + p(] - 1);

v= %{exp [b(lc —3)] -1} + %{exp [bij(lij - Sij)z] - 1} +p(J—1). (2.34)

I¢ = tr(C) and I;; = C:ip @ j, are the invariants, &;; is the Kronecker delta and a, b, a;; and

b;; represent the material parameters.

Recalling Equation 2.32 and Equation 2.33, the explicit forms of stress tensors can be derived
from the strain energy function. The isotropic and transversely isotropic strain energy
functions can be written by setting agg = b = 0 and agg = ags = agg = by, respectively.
The HO model is advantageous over the others in the sense that in addition to biaxial data, it
accounts for the shear data to model the orthotropic behavior accurately [Holzapfel & Ogden,

2009].
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Figure 2.9. The orthotropic microstructure of the myocardium. f, and s, are the unit vectors
representing the fiber and sheet directions, respectively, while n, denotes the unit vector
in the direction orthogonal to f, and s,. Adapted from [Berberoglu et al., 2014].

Electrical models. Apart from the purely passive mechanical behavior, LV models are further
enhanced with the mathematical descriptions of active muscle contraction, which can be
explained by the complex ion mechanisms at the cellular level [Ter Keurs et al., 1980, 1988].
Numerous quantitative descriptions have been proposed to simulate the action potential
generation in the cardiac cell [Hodgkin & Huxley, 1952]. Derived from [Hodgkin & Huxley,
1952], the Fitz Hugh-Nagumo model [FitzHugh, 1961; Nagumo et al., 1962] is one of the
simplest phenomenological approaches to simulate the action potential of the excitable
media, which was later tailored to cardiac cells by the Aliev-Panfilov model [Aliev & Panfilov,
1996]. More detailed models representing the mechanics of ion channels were introduced
[Ten Tusscher et al., 2004; Corrado & Niederer, 2016]. These models have been incorporated
into finite-element models of LV to couple the cellular level mechanisms with organ-level
models [Hunter et al., 1998; Ambrosi et al., 2011; Land et al., 2012; Goktepe et al., 2014] in

order to predict global cardiac function.
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Active contraction. A physiologically relevant constitutive material model should account for
the active contraction of the myocardium in order to accurately simulate the cardiac behavior
both in health and disease. Originating from the classical Hill model [Hill, 1938, 1949] on
modeling skeletal muscle tissue, simple mathematical models were developed to simulate the
contraction mechanism of the myocardium. With the inclusion of the actin-myosin bridging to
simulate the active muscle response [A. F. Huxley, 1957], first detailed models have been
proposed [Wong, 1971, 1972], motivated by the mechanisms and structure at the molecular
level. Further models accounted for the fiber orientation, muscle length, and kinetic
properties [Tozeren, 1985]. A deactivation model of cardiac contraction was implemented to
quantify active fiber stress, predicting transmural ES strain distribution in good agreement
with experiments [Guccione et al., 1993]. In another study, Guccione et al. [Guccione et al.,
1995] implemented a microstructurally based 3D ventricular contraction model using an
axially symmetric LV geometry of a canine heart. The in-plane strains estimated from the
model were shown to be in good agreement with the measurements while the transverse
shear strains are not estimated at all. Several other models have been proposed to account
for the cellular dynamics [Hunter et al., 1998; Bestel et al., 2001; Niederer et al., 2006]. Recent
work by Chapelle et al. [Chapelle et al., 2012] extended an earlier model [Bestel et al., 2001]

incorporating the energy input for accurate modeling of mechanical work.

Boundary conditions. For the heart models, determination and handling of realistic boundary
conditions remain a key challenge. The lack of surrounding structures in cardiac models needs
to be compensated by imposing adequate boundary conditions to match the expected
physiological response. The literature on cardiac models considers two main approaches for
the determination of boundary conditions; one is the hemodynamics of blood flow and its
mechanical interaction with the inner layer of the atrial and ventricular cavities and another
is the mechanical interaction between the heart and the pericardium. Several models have
been developed to represent the blood flow dynamics [Doost et al., 2016] from zero-
dimensional (0D) to multidimensional models. For the purpose of simulating ventricular
mechanics, however, 0D models have been shown to be accurate enough to represent the
circulatory system [Kerckhoffs et al., 2007]. Among many aspects of computational cardiac
models, simulating the blood flow provides an understanding of the hemodynamics in the

cardiovascular system. The most basic form of OD models was introduced by Otto Frank
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[Sagawa et al., 1990] as a two-element Windkessel model, which aims to predict the cardiac
output as a function of pressure in the aorta. The modeling of blood flow is formulated
analogously to electrical conduction in a circuit, where electrical current, potential,
capacitance, and resistance represent the blood flow, blood pressure, arterial compliance, and
resistance, respectively. Due to the shortcomings of two-element models, especially in
simulating the resistance of the valves, a three-element Windkessel model was proposed with
an additional resistive element [Westerhof et al., 1971]. The model can be further improved
with the addition of an inductor for the incorporation of inertia of blood [Stergiopulos et al.,
1999]. OD models are sufficient to model the contribution of global arterial parameters,
however, distributed models are required to simulate the pressure and flow locally. 1D models
are well suited to analyze the flow and pressure wave, accounting for the geometry and the
material properties of arteries. Moreover, they are computationally advantageous over multi-
scale models as they are formulated in only one spatial dimension and time. Several 1D models
have been proposed in the literature to simulate the hemodynamics of both parts and the
entire cardiovascular system [Van De Vosse & Stergiopulos, 2011]. Recently, 1D models have
been used in 3D fluid-structure interaction models to provide the boundary conditions and
also for patient-specific models due to their greatly reduced computational expense
compared to multi-scale models [Van De Vosse & Stergiopulos, 2011]. Due to their complexity
and the computational expense, 3D models are generally applied to model the local
phenomena of the system in case a more detailed description of local flow-field details is
required. These models are based on computational fluid dynamics and yield the properties
that cannot be derived from 1D models, e.g., wall shear stress or vorticity fields [Van De Vosse
& Stergiopulos, 2011]. Depending on the objective, combinations of the models can be

employed.

In addition to modeling the hemodynamics, another boundary condition is imposed by the
mechanical interaction between the heart and the pericardium. Although pericardial fluid was
previously thought to provide the mechanical interaction with the heart [Holt, 1970], it was
later shown that the fluid only helps decrease the friction while the pericardium slides over
the endocardium [Hills & Butler, 1985]. Several models have been proposed to impose the
effect of the pericardium as a diastolic constraint [Jobsis et al., 2007] although the systolic

effect has been studied mostly on animals [Sudak, 1965; Holt, 1970]. The biventricular heart
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models include constraints either as viscoelastic boundary conditions [Chabiniok et al., 2012]
or by defining a fixed pericardium warping the myocardium to satisfy the no penetration
condition [Marchesseau et al., 2013]. The effect was also formulated partially by applying
pericardial boundary conditions on the apex [Sainte-Marie et al., 2006] or apex and valve
annuli [Sermesant et al., 2012; Tobon-Gomez et al., 2013]. Four-chamber models [Augustin et
al., 2016; Land & Niederer, 2018], however, are more complex to simulate especially in
applying the boundary conditions, and none of them is sufficient to represent physiological
behavior. The most detailed model has been proposed by [Fritz et al., 2014], which requires
solving multiple contact problems, hence, becomes computationally expensive. The reader is
referred to [Peirlinck et al., 2019; Pfaller et al., 2019] for more information about the

application of boundary conditions.
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Chapter 3
Imaging Cardiac Function and Myocardial

Motion Analysis

This chapter outlines the fundamentals of cardiac imaging and motion analysis. Section 3.1
introduces the global and regional metrics used to assess cardiac performance and their
clinical relevance. The imaging techniques used to measure these metrics are later introduced
in Section 3.2, and the related motion analysis techniques are summarized in Section 3.3 with

an emphasis on MR-based imaging.

3.1. Global and Regional Measures of Cardiac Function

Quantification of cardiac function on the global basis is widely performed by examining
myocardial mass, cavity volume, and ejection fraction, defined as the percentage of the blood
volume leaving the heart during each cardiac cycle [Frangi et al., 2001]. Despite its common
clinical use for the assessment of cardiac performance, EF is limited in assessing the contractile
properties of the heart [Earls et al., 2002]. In contrast, regional changes are shown to allow
for proper diagnosis and early intervention for many cardiac diseases [Sutherland et al., 1994;
Nagueh et al., 2001; Ibrahim, 2011; Ng et al., 2011]. Among them, ischemic heart disease (IHD)
is known to cause local dysfunctions of the heart wall, and most of the time, global functional
measures show limited sensitivity to detect the location and severity of infarction [Friedberg
& Mertens, 2009; Collins, 2015]. Moreover, regional changes in cardiac function are found to
be a strong indicator of both hypertrophic cardiomyopathy (HCM) [Runging et al., 2006; Serri
et al., 2006; Smiseth et al., 2016; Huang et al., 2017] and heart failure with preserved ejection

fraction [Hasselberg et al., 2015; Smiseth et al., 2016].

To this end, the current research has been focused mostly on the determination of regional

metrics to quantify local cardiac function. Several metrics have been defined to quantify the
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regional function of the heart. Among them, myocardial wall thickening, strain, and strain rate
are the most commonly used regional measures. Myocardial wall thickening is computed as
the percentage change in ventricular wall thickness between the ES and ED phases, and are
known to be a sensitive marker to detect pathological tissue, e.g., infarcted myocardium in

IHD patients [Engblom et al., 2009].

3.1.1. Myocardial Strain and Strain Rate

Myocardial strain and strain rate are known to allow for the early detection of regional
dysfunctions before the onset of global abnormalities [Smiseth et al., 2016]. The strain has
been shown to be more accurate in determining the regional properties of the myocardium
compared to wall thickness [Go6tte et al., 2001], which has also been confirmed in animal
studies [Azhari et al., 1995]. It also helps to understand the normal function of the heart by
revealing physiologic heterogeneities [Moore et al., 2000; Kuijer et al., 2002; Jeung et al.,
2012]. Owing to the ventricular geometry, myocardial strain is best represented in the local
coordinate system as shown in Figure 3.1. Radial strain represents the thickening of the
ventricle and has positive values during systole ranging between 30%-40% on average for a
healthy human heart [Kuijer et al., 2002] (Figure 3.1b, top). Circumferential (Figure 3.1b,
middle) and longitudinal (Figure 3.1b, bottom) strains remain negative as they represent the
shortening and compression of the ventricle, respectively [Hui Wang & Amini, 2012], and
range between -15% to -20% [Jeung et al., 2012]. Regional strain analysis is usually performed
segment-wise, using the 16 or 17 segment models published by the American Heart
Association [Cerqueira et al., 2002] (Figure 3.2). Accordingly, the 3D ventricle is divided into

three longitudinal layers, which are further divided into 4-6 circumferential sectors.

3.1.2. Left Ventricular Rotation (Twist)

The LV performs a wringing motion during contraction. In a healthy heart, when viewed from
base to apex, the heart contracts counterclockwise at the basal and clockwise at the apical
regions (Figure 3.3), which is explained by the helical arrangement of the myofibers. The angle
of rotation is calculated for all points in LV around a pre-determined axis of rotation for each

heart phase with respect to the ED configuration. The left ventricular twist is defined as the
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difference in average rotation in apical and basal regions of the LV. Torsion can consequently

be computed by dividing the twist by the length in the long-axis direction.
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Figure 3.1. Left ventricular strain components. (a) Err, Ecc, and Ell represent the principal
components: radial, circumferential and longitudinal strains, respectively. The shear com-
ponents are also in matrix representation. (b) Radial strain (top) represents the wall thick-
ening and ranges between 30%-40% during systole for a healthy human heart [Kuijer et al.,
2002]. Circumferential (middle) and longitudinal (bottom) components have their peak sys-
tolic values at around -15% [Jeung et al., 2012] and represent the shortening and compres-
sion of the ventricle, respectively.

The rotation is heterogeneous from sub-epicardium to sub-endocardium, and the twist ranges
between -10° and -15° for a healthy human heart [Sengupta et al., 2008]. It has been shown
that LV twist is a robust parameter in determining myocardial function [Gotte et al., 2006] and
is an efficient biomarker to assess ventricular ejection during contraction [Ibrahim, 2011]. It

can also have increased values in the early stages of HCM [Imbalzano et al., 2011].
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a. b. C.

Base Mid Apex

Figure 3.2. Left-ventricular segmentation proposed by the AHA model. Polar plots repre-
senting (a) 16-segment and (b) 17-segment models. (c) The 17-segment model has one more
sector in the apex, which is also shown by the dashed lines in the longitudinal view. Both
models have six basal and six mid-cavity sectors.

3.2. Imaging Cardiac Function

3.2.1. Overview

Several imaging modalities have been developed to investigate the structural and functional
properties of the heart. The first technique used to measure the regional function was placing
physical markers such as radiopaque materials [Brower et al., 1978; Ingels et al., 1980;
Reneman et al., 2011; Meier et al., 2017], or ultrasound crystals [Rankin et al., 1976; Myers et
al., 1986; Villarreal et al., 1988] in the heart muscle tissue, allowing for tracking material points
on the ventricular wall. Although it is possible to measure regional deformation using these
markers, the technique is limited by its invasiveness and the finite number of markers that
can be implanted. Moreover, there is a high risk that the implanted markers may add bias by

altering the normal deformation pattern of the tissue.

Later, several imaging techniques have been introduced for the quantitative assessment of
regional function using non-invasive and more accurate measurements [lbrahim, 2011].
Among them, the most widely accepted ones are echocardiography, cardiac computed
tomography, and MRI. Echocardiography is commonly used in the clinical setting as it is
advantageous in terms of availability and portability while offering a low-cost option to image

the heart with a sufficient temporal resolution. It allows for an accurate representation of
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cardiac function through 3D echo and contrast-enhanced echo, while Doppler echo is
available to measure blood flow velocity. Tissue Doppler imaging [Miyatake et al., 1995;
Abraham et al., 2007] and speckle tracking [Amundsen et al., 2006; Geyer et al., 2010] have
been introduced for the measurement of myocardial strain. Despite many advantageous
features, echocardiography is limited by its operator dependency and low SNR. Computed
tomography offers superior spatial resolution, which allows for imaging of fine features such
as the coronaries [Earls et al., 2002]. On the downside, CT requires the use of iodinated

contrast agents, and the patient is exposed to ionizing radiation during imaging.
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Figure 3.3. Left-ventricular rotation. (a) Tagged MR images showing the deformation pattern
in the basal and apical slices for diastole and systole in a porcine heart. Shown by the arrows
on the images in the systolic time frame are the LV rotation directions, which are also rep-
resented by the curves in (b). The difference in rotation between apical and basal regions
for each time frame yields the twist.

3.2.2. Cardiovascular Magnetic Resonance

CMR is a non-invasive imaging technique widely used for the diagnosis and management of
CVDs [Earls et al., 2002]. It is accepted to be the gold standard for the assessment of cardiac
function, volumes, and also tissue perfusion as well as valve motion. In addition to global
functional measures, it enables assessing regional metrics, e.g., strain, strain rate, and torsion
[Gotte et al., 2006]. The main advantageous feature of CMR is the variety of measurements

possible, e.g., myocardial function, flow, stress perfusion, viability, angiography, making it a
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key imaging modality for the diagnosis of myocardial ischemia, congenital heart disease,
assessment of ventricular volumes for both LV and RV. Recent progress in CMR imaging also
allows for the acquisition of high-resolution [Ortega et al., 2011; Kutty et al., 2013] images and
provides 3D and 4D imaging options at user-defined orientations. Moreover, it is known to
have advantages over echocardiography in terms of the image artifacts and contrast [Peng et
al., 2016] and allows for the assessment of tissue viability through delayed-enhancement
CMR. There has been extensive research in clinical MRI [Ibrahim, 2017] to reduce scan time,
improve image quality (increasing temporal and spatial resolution), and develop new

sequences directly aiming at determining specific disease characteristics.

3.2.2.1. CMR Tagging

CMR tagging permits quantifying regional myocardial deformation and has evolved since it
was first introduced by Zerhouni et al. [Zerhouni et al., 1988] in the late 1980s. This technique
allows labeling myocardial tissue and tracking these labels to quantify the deforming heart.
To this end, radiofrequency pulses, including interspersed magnetic field gradients, are
applied at end-diastole to spatially modulate tissue magnetization [Zerhouni et al., 1988]. The
contrast in the tagged images is affected by the time span between the tagging preparation
and image acquisition, which is explained by the longitudinal relaxation of tagged
magnetization [Fischer et al., 1993]. The tagging pattern degrades toward the end of the
cardiac cycle, compromising the performance of myocardial motion analysis, which is also
known as tag fading. In order to increase the spatial frequency of taglines, DANTE was
introduced by Mosher and Smith [Mosher & Smith, 1990], providing flexibility to control the

width and spacing of the taglines.

Spatial modulation of magnetization (SPAMM) has been introduced by Axel and Doughtery
[Axel & Dougherty, 1989b] as a fast and efficient alternative to the original technique
[Zerhouni et al., 1988]. The grid tag pattern generated by SPAMM is achieved by a pair of
nonselective radiofrequency pulses playing out at either side of a magnetic field gradient.
Here the single gradient introduces a spatially-dependent sinusoidal phase. Since its inven-
tion, SPAMM has been validated in several studies [Young et al., 1993; Moore et al., 1994] to

assess myocardial contractility in the clinical setting [Yeon et al., 2001]. In order to address tag

40



Imaging Cardiac Function and Myocardial Motion Analysis

fading of SPAMM, Fischer et al. [Fischer et al., 1993] introduced complementary SPAMM
(CSPAMM). The CSPAMM images are acquired by subtracting two SPAMM images with phase-
shifted, i.e., inverted tag line patterns, thereby removing the signal that does not contain mo-
tion information. This technique was further improved by slice-following CSPAMM [Fischer et
al., 1994], which accounts for the through-slice motion of the heart. Several other techniques
have been proposed to acquire 3D myocardial motion pattern. For this purpose, Kujier et al.
[Kuijer et al., 1999] combined in-plane motion from tagged images with the through-plane
motion measured from phase-contrast based velocity maps. In another study, tagged CMR of
orthogonal LV planes were combined for 3D strain analysis of the LV myocardium [Kuijer et
al., 2000]. Based on the CSPAMM technique, accelerated whole-heart 3D tagging technique
was developed to address the misalignment problems observed in multi-slice image acquisi-
tions [Ryf et al., 2002]. Further improvements have allowed for a reduction of scan time ena-

bling imaging in three [Rutz et al., 2008] or even in a single breath-hold [Stoeck et al., 2012].

While CMR tagging is a powerful technique, providing detailed information of myocardial mo-
tion, it still needs to be improved for the quantification of radial strain, which is relatively
inaccurate due to the finite number of tag lines on the myocardial wall [Moore, McVeigh, et
al., 2000]. Since its development, several attempts have been made to develop more effective
pulse sequences and image acquisition techniques [Nguyen et al., 2003; Pai & Axel, 2006].
Special tagging patterns have been proposed by matching the cardiac geometry and tagging
pattern. Among them, radial and polar tagging [Bosmans et al., 1996; Nasiraei-Moghaddam &
Paul Finn, 2014] yield tagging patterns compatible with the pseudo-cylindrical coordinate sys-
tem of the heart while localized tagging allowed for customizing the tagline spacing [McVeigh

& Bolster, 1998].

3.2.2.2. Cine Imaging

Cine CMR has become the gold standard in clinical applications to assess the global functional
parameters such as ventricular volumes, EF, and mass [Castillo et al., 2003]. It provides
excellent temporal [Barkhausen et al., 2001; Plein et al., 2001] and spatial resolution, with a
high SNR and tissue contrast [Barkhausen et al., 2001; Pereles et al., 2001]. The most

fundamental contrast generating mechanism in cine CMR is the difference in relaxation times
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of tissues [Ibrahim, 2017]. Cine CMR depicts morphologic and functional abnormalities with
great precision and provides better diagnostic confidence compared to other techniques
[Pereles et al., 2001]. Owing to the relative homogeneity of relaxation times in the myocardial
wall, cine CMR provides limited information about the transmural variation of cardiac motion
pattern, e.g., on the relative rotation of the endocardial layer relative to the epicardial layer
(transmural shear) or of basal with respect to apical slices (torsion) [Ubbink et al., 2006]. CMR
imaging provides a set of parallel short-axis images and two-chamber, three-chamber, and
four-chamber long-axis images (Figure 3.4). Most of the cardiac motion tracking algorithms
on cine CMR require an accurate delineation of epicardial and endocardial borders (shown in

Figure 3.5) either by manual or automated segmentation.

C.

Figure 3.4. Cine MR images of the pig heart showing (a) short-axis, (b) two-chamber, (c)
three-chamber, and (d) four-chamber views.

Conventional cine CMR is performed using a slice-based approach, acquiring 2D short-axis
images that require multiple breath-holds [Leiner & Strijkers, 2018]. In addition to patient
discomfort, this technique is susceptible to respiratory motion artifacts. Moreover, the
technique relies on the operator’s experience to accurately plan the short-axis slices.

Therefore, several improvements have been proposed to overcome these limitations in the
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clinical setting. Compressed sensing CMR acquisition now yields full coverage of the LV with
high temporal and spatial resolution in a single breath-hold [Vincenti et al., 2014]. The method

provides reliable LV mass, volume, and EF in the clinical setting.

Figure 3.5. Cine CMR images of the pig heart showing the short-axis view for different time
frames. Starting from the top-left corner (end diastole), endocardial and epicardial borders
are represented by the blue and red contours, respectively. The thickening of the ventricular
wall is clearly observed at the end-systolic time frame (slice number 3) compared to the
reference configuration.

3.2.2.3. Alternative CMR Techniques

Cine and tagged CMR have their own limitations for myocardial deformation quantification.
To take advantage of both imaging techniques, the patient undergoes both cine and tagged
CMR in consecutive scans. To reduce the number of scans, recent studies have focused on the
improvement of current techniques to allow for the quantification of regional and global
ventricular properties in a single scan, making the process more feasible for clinical use
[Schrauben et al., 2018]. Subtly-tagged steady state free precession (SSFP) (SubTag SSFP)
imaging, as proposed by Schrauben et al., allows for the acquisition of cine CMR with tag
pattern superimposed, thereby combining the evaluation of both ventricular function and

more accurate regional strain assessment in a single scan.
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Displacement encoding with stimulated echoes (DENSE) has been introduced as an alternative
to tagged CMR to improve the spatial resolution. It was first applied by Aletras et al. [Aletras,
Ding, et al., 1999] for myocardial strain quantification. Different from the tagging techniques,
DENSE directly encodes tissue displacement into image phase. Based on the stimulated echo
acquisition mode pulse sequence [Frahm et al., 1985], it provides a simplified technique to
acquire myocardial motion without the need for tag line detection. DENSE has been validated
against other tagging methods [Feng et al., 2009] and has been shown to require minimum

user interaction compared to conventional tagging techniques [Aletras, Balaban, et al., 1999].

Strain encoding is a CMR technique first introduced by Osman et al. [Osman et al., 2001] to
quantify myocardial strains from magnitude images. Different from conventional CMR
tagging, SENC applies tagging in through-plane direction. While short-axis images are utilized
to compute longitudinal strains with SENC, circumferential strain is measured from long-axis
images. SENC has been used to estimate myocardial strain both in the left and right ventricles
[Youssef et al., 2008; Neizel et al., 2009] and demonstrated to be comparable to 3D tagging
in terms of peak circumferential and longitudinal strain values. 2D and 3D strain maps have
been obtained by combining SENC with other techniques [Hess et al., 2009; Sampath et al.,
2009]. Pan et al. [Pan et al., 2006] reduced the image acquisition time by introducing fast-
SENC, which is an accelerated imaging sequence based on SENC. It utilizes a combination of
spiral acquisition and localized SENC excitation, providing a reduced field-of-view avoiding
fold-over artifacts. Low-frequency and high-frequency data, called low-tuning and high-tuning
images, respectively, are acquired in an interleaved fashion, reducing the scan time to a single
heartbeat. Slice-following SENC was developed to account for the through-plane motion of
the heart [Fahmy et al., 2006]. Combining these two, Ibrahim et al. [Ibrahim et al., 2007]

introduced slice-following fast-SENC.

Finally, CMR phase-contrast imaging, or tissue phase mapping, allows for a pixel-wise analysis
of myocardial velocity with high temporal and spatial resolution [Jung et al., 2006]. It allows
for the assessment of myocardial strain [Espe et al., 2013] and strain rate [Delfino et al., 2008].
A common drawback associated with this imaging method is the long scan time required

[Wymer et al., 2020].
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3.3. Myocardial Motion Analysis

The ultimate objective of cardiac motion quantification is to acquire useful clinical metrics that
provide early diagnosis and aid improved treatment. Numerous cardiac motion analysis
algorithms have been developed and applied both for research purposes and in the clinical
setting. Although the complex deformation pattern of the heart is well captured with today’s
imaging technology, the wide-spread use of cardiac motion analysis algorithms is still limited
due to the lack of validation and the time-consuming post-processing required. This chapter
offers an overview of CMR-based myocardial motion analysis. After introducing the

motivation behind motion quantification, motion analysis techniques are summarized.

3.3.1. Tagged CMR

Cardiac motion tracking algorithms on tagged CMR can be grouped into two classes, direct
and indirect methods. Direct methods are based on measuring deformations by detecting
dedicated image features, e.g., tag lines or tag intersections. The performance of direct meth-
ods is hence affected by the distribution of tag lines or tag intersections [Tobon-Gomez et al.,
2013] and image quality. To improve the robustness of direct methods, tag intersections have
been approximated by thin-plate splines from which tag surfaces can be reconstructed
[Kerwin & Prince, 1998]. In another study, tracking is performed by using B-splines to recon-
struct tag planes, yielding 3D positions of each feature in the deforming myocardium in time

[Amini et al., 2001].

Among all the methods working directly on tagged CMR data, phase-based techniques allow
for a rapid and more automatic quantification of displacement field by removing the need for
detecting and tracking tag lines [Arts et al., 2010]. The motion analysis algorithms in this group
are based on the Fourier shift property. HARmonic-Phase (HARP) analysis is currently the most
popular technique for the analysis of tagged CMR images due to its simplicity and performance
[Osmanetal., 1999, 2000] (Figure 3.6). It utilizes a band-pass filter for the extraction of a single
spectral peak of the Fourier-transformed tagged CMR data (Figure 3.6b). The harmonic mag-

nitude (Figure 3.6c) and phase (Figure 3.6d) images are obtained by the inverse Fourier
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transforming of the extracted harmonic peak. The magnitude image represents the ventricu-
lar geometry while the phase image provides information on myocardial deformation. This
process is repeated for each tag direction such that motion information in 2D or 3D can be
reconstructed. Material point tracking over time is then accomplished by utilizing the har-

monic phase data (Figure 3.6d) [Pan et al., 2005].
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Figure 3.6. Harmonic phase (HARP) analysis. (a) The original CMR tagged image showing
SPAMM tag pattern. (b) Fourier transform of the original image. One of the spectral peaks
is marked with a circle and used to generate the harmonic magnitude image in (c) and the
phase image in (d). Extracted from [Osman et al., 1999].

The fast-HARP technique was proposed to decrease the acquisition time drastically [Sampath
et al., 2003]. The technique was further enhanced to accommodate for 3D motion analysis
[Pan et al., 2003] by combining short-axis and long-axis image sets. zHARP, developed by Abd-
Elmoniem et al. [Abd-ElImoniem et al., 2007], allowed for the quantification of in-plane and
through-plane motion. Fast-HARP was further used for strain analysis in combination with

SENC [Sampath et al., 2009] to include the through-plane component. The method’s accuracy
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in quantifying myocardial strain was demonstrated on post-infarct patients [Garot et al.,
2000]. Despite its fairly easy use, the HARP method is limited by the SNR [Liu et al., 2004] and
phase aliasing [Arts et al., 2010]. As an alternative post-processing method, sine-wave model-
ing (SinMod) was developed [Arts et al., 2010] to account for the noise sensitivity problem of
HARP, and has been shown to perform similarly compared to HARP in terms of speed, but
better in terms of accuracy of the displacement fields [Arts et al., 2010]. This technique is
further demonstrated to perform well in the 3D domain for the extraction of 3D cardiac de-
formations [Pan et al., 2005; Hui Wang et al., 2013]. However, SinMod is built to process con-
secutive images and relies on the fact that the displacements between temporal frames are

small.

Other than phase-based techniques, Gabor filters, deformable contours and optical flow
methods have been used for tagged CMR post-processing. Gabor filters [Ting Chen et al.,
2010] are band-pass filters to locally filter CMR tagged images for deformation quantification.
The Gabor filter has been applied both on 2D [Montillo et al., 2004] and 3D images [Qian et
al., 2006]. Among the deformable contours, Base-splines [Tustison et al., 2003] are used to
quantify myocardial deformation through an energy minimization problem. The main ad-
vantage of the technique is that it offers flexibility in determining the spline shape, providing
a more accurate approximation than global polynomial fitting [Huang et al., 1999]. B-spline
models have been extended to enable 3D analysis [Radeva et al., 1997; Huang et al., 1999]
also based on a cylindrical coordinate system [Deng & Denney, 2004, 2005]. Deformable mod-
els are advantageous as they also allow for the construction of statistical models of the heart
and combining tagged CMR with functional information [Hui Wang & Amini, 2012]. Moreover,
these models are superior to model-free approaches in terms of providing prior information
on the expected object shape, yielding better accuracy in case of low SNR [Xu et al., 2000].
Optical flow methods have been used in tracking tagged CMR data [Qian et al., 2006; Florack
& Van Assen, 2010]. One of the fundamental assumptions in this technique is the constant
image intensity along a motion trajectory [Hui Wang & Amini, 2012], which is, however, not

fulfilled in tagged CMR due to the relaxation of longitudinal magnetization.
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3.3.2. Cine CMR

One of the techniques to extract motion information from cine CMR is feature tracking (FT),
based on detecting certain landmarks on the cavity-tissue boundary [Maret et al., 2009]. CMR-
FT has been validated against harmonic phase analysis for strain calculation [Hor et al., 2010]
and shown to allow for the quantification of myocardial motion both on the healthy volun-
teers [Schuster et al., 2011] and also on the patients suffering from ischemic cardiomyopathy
[Schuster et al., 2013]. It has been proven to be successful in classifying many cardiac disor-
ders, including dilated cardiomyopathy [Romano et al., 2018], ischemic cardiomyopathy
[Schuster et al., 2013], and congenital heart diseases [Steinmetz et al., 2018], mostly based on
global LV circumferential and global LV longitudinal strain quantification. Moreover, it has
been utilized in several studies for the assessment of mechanical dyssynchrony [Taylor et al.,
2014; Kowallick et al., 2017]. However, similar to all other 2D-based techniques, CMR-FT is
unable to assess through-plane strain [Schuster et al., 2011] and CMR-FT derived radial strain
is not satisfying [Padiyath et al., 2013] showing high variability [Schuster et al., 2013]. The
most apparent problem of this technique is its dependence on the user to delineate the en-
docardial and epicardial contours manually, which is demonstrated through studies on inter-
study reproducibility [Morton et al., 2012] and intra-observer reproducibility [Schuster et al.,
2013] of CMR-FT strain assessment. Moreover, strain measurements reported from CMR-FT
analysis are performed only on the global level, revealing that regional differences in strain
are underestimated with this method. Among the other strain components, only the circum-
ferential strain agrees with CMR tagging results globally. However, the segmental differences

cannot be characterized unless tagging is utilized [Augustine et al., 2013; Cowan et al., 2015].

Accounting for the incompressibility of myocardium, several deformable models have been
proposed to assess the motion of both the LV [Bistoquet et al., 2007] and both ventricles
[Bistoquet et al., 2008] using cine CMR. Among them, finite element (FE) based models have
the advantage of providing prior information on the heart structure and the material
properties [Young, 1999; Hu et al., 2003]. Veress et al. [Veress et al., 2001] utilized hyperelastic
warping in combination with a FE model on cine CMR. LV motion analysis with hyperelastic
warping was validated against HARP for the quantification of radial and circumferential strains

[Phatak et al., 2009].
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3.3.3. Combined Approaches

Cine and tagged CMR images have their relative advantages and disadvantages. In terms of
global strain characterization, feature tracking on cine images has yielded good results while,
concurrently, providing ventricular volume, mass, and EF. However, the detection of regional
motion remains challenging due to the lack of contrast within the myocardial wall. While
tagged CMR seems promising for material point tracking within the wall, it remains difficult to
detect the endocardial and epicardial borders due to the poor definition of tissue interfaces.
In order to combine the advantageous features of the two imaging modes, combined image
analysis techniques have been introduced. A finite element model of the LV [Young et al.,
2012] was constructed to quantify myocardial deformation on SubTag SSFP data [Schrauben
et al., 2018] (see Section 3.2.2.3). Moreover, non-rigid image registration techniques have
been utilized to simultaneously register tagged and cine CMR images based on similarity met-
rics that balance the contribution of these two image types [Shi et al., 2012]. The error in
motion tracking decreased compared to cine or tagged CMR registration alone. In another
study based on spatial adaptive weighting for the combined analysis, a valve plane constraint
was introduced for more accurate cardiac motion analysis [Haiyan Wang et al., 2012]. Chitiboi
et al. [Chitiboi et al., 2020] combined cine CMR with three-chamber tagged CMR using a non-
rigid registration algorithm [Knutsson & Andersson, 2005] to improve the local strain analysis

in HCM patients.

3.3.4. Machine Learning Based Methods

Recently, machine-learning (ML) approaches have gained popularity in cardiac motion quan-
tification, drastically reducing the analysis time. One of the ML-based techniques, convolu-
tional neural networks, has been demonstrated to be applicable for the automated analysis
of myocardial deformation [Ferdian et al., 2020]. A fully convolutional neural network has
been used to analyze LV characteristics using short-axis and long-axis views of cine CMR im-
ages [Bai et al., 2018]. The technique was shown to have human-level performance on the UK

Biobank! dataset for the quantification of ventricular mass and volume. A fully automated

! http://imaging.ukbiobank.ac.uk
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framework has been proposed to estimate circumferential strain for HCM and healthy control
subjects, using CMR-FT on cine image sequences [Vigneault et al., 2017]. For this purpose, a
deep learning approach was utilized to automatize feature extraction, decreasing the pro-
cessing time and dependency on the manual delineation of contours. In another study, a con-
volutional network has been integrated to CMR-FT to estimate radial, longitudinal, and cir-
cumferential strain components on a group of healthy volunteers and ischemic patients
[Puyol-Anton et al., 2018]. Another deep-learning approach was implemented to characterize
segmental myocardial deformation from cine CMR [Hammouda et al., 2020]. Ferdian et al.
implemented two neural networks for the quantification of radial and circumferential defor-
mation of the LV [Ferdian et al., 2020]. In a recent study by Loecher et al. [Loecher et al., 2021],
an ML-based tag tracking technique, which was trained on synthetic tagged images of the
heart, has been utilized. The technique has its novelty in tracking arbitrary points of the LV
wall, removing the need for points anchored to tagging pattern or its intersections only. There-
fore, compared to conventional analysis techniques, a denser deformation map of the myo-
cardium is achieved, allowing for a more accurate strain quantification from tagged CMR.
However, the method still needs to be validated for assessing regional dysfunctions. Ghadimi
et al. [Ghadimi et al., 2021] has proposed a deep learning-based approach for strain quantifi-
cation using DENSE images. Both global and regional circumferential strains have been shown

to be in good agreement with the conventional techniques on healthy and diseased hearts.
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Chapter 4
Clinical Utility and Future Applications of

CMR Imaging

This chapter aims to summarize the clinical utility and future applications of CMR-based image
tracking techniques. Section 4.1 addresses the motivation to integrate CMR imaging tech-
niques into routine clinical workflow. Section 4.2 presents CMR solutions for the commonly
observed cardiac diseases, which is followed by CMR-based therapy management in Section
4.3. After summarizing emerging applications of CMR in Section 4.4, the chapter is finalized

with mentioning the limitations in Section 4.5.

4.1. Overview

Advances in medical imaging technology have facilitated the integration of imaging modalities
with routine clinical practice. MRI has been utilized to quantify cardiac function since the
1980s [Matthaei et al., 1985]. It has since then evolved from being a research tool to being
used for clinical purposes. Today, CMR stands as an accurate and highly versatile imaging mo-
dality in the clinical setting, offering a safe way to quantify the functional, anatomical, and
metabolic function of the cardiovascular system. It has been one of the routine clinical exam-
inations for the assessment of myocardial viability and function, suspected cases of cardiomy-
opathies, myocarditis, valvular and pericardial disease, and congenital heart disease. The use
of contrasts agents for CMR has provided improved image quality that allows for a more ac-
curate assessment of anatomical and functional changes. Moreover, the excellent results for
interstudy reproducibility of CMR [Grothues et al., 2002] have provided proof for it to be used

for follow-up examinations to assess ventricular function after therapeutic interventions.
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4.2. Diagnostic Applications

In order to comply with the context of the thesis, this section introduces the diagnostic utility
of CMR-based techniques with an emphasis on LV functional assessment. CMR-based diag-
nostic techniques for the assessment of the most commonly observed CVDs; congenital heart

disease, coronary heart or IHD, and non-ischemic cardiomyopathies are briefly portrayed.

4.2.1. Congenital Heart Disease

Congenital heart disease stands as the most common type of major congenital abnormalities
[Dolk et al., 2011]. 1.5 million children are born with a type of congenital heart disease every
year, corresponding to almost 8 per 1000 live births [Rebergen & De Roos, 2000]. Congenital
heart diseases often require surgical intervention to improve the survival rate and alleviate
the symptoms [Brickner et al., 2000]. The common types of congenital heart disease affecting
LV performance and anatomical features are the ventricular septal defects, transposition of
great arteries, and Tetralogy of Fallot. Ventricular septal defects are a common type of con-
genital heart disease that is caused by an abnormality while the interventricular septum is
being formed. The extra blood flow from the LV to the right ventricle is observed through the
defect in the septal wall, which is characterized by the size, thereby, determining the amount
of interventricular flow. In case of transposition of the great arteries, oxygenated blood is
transferred to the lungs as the pulmonary artery arises from the LV while the aorta is con-
nected to the RV, pumping deoxygenated blood to the body [Partington & Valente, 2013].
Most of the time, the patient needs a series of surgeries and follow-up medications and may
have serious long-term health problems [Warnes, 2006]. Tetralogy of Fallot is the most com-
monly observed cyanotic congenital heart disease [Reller et al., 2008] that is a combination of
various defects observed in other types of congenital heart disease; ventricular septal defect,
pulmonary stenosis, ventricular hypertrophy, and aortic valve enlargement, resulting in a de-
crease in the blood oxygen content supplied to the body, see Figure 4.1. Tetralogy of Fallot
can be diagnosed during pregnancy or after birth and requires surgical operations at different

time points during lifetime.
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Figure 4.1. CMR images of Tetralogy of Fallot. (a) The most commonly observed congenital
heart defects, e.g., ventricular septal defect (indicated by the asterisk), overriding aorta
(shown by A), and right ventricular thickening are shown. PA denotes the pulmonary artery.
(b) Cine SSFP image parallel to the PA showing the dephasing jet (asterisk) and the level of
the pulmonic valve (arrowheads) (right). Extracted from [Hughes & Siegel, 2010].

The long-term follow-up of the cardiovascular status of these patients is costly and preferably
requires noninvasive imaging techniques with low to no dose of ionizing radiation. Morpho-
logical and anatomical assessment of cardiac structures are of high importance for the diag-
nosis of congenital heart disease [Scholtz et al., 2014]. CMR can provide clinical metrics for an
accurate diagnosis of uncertain cases, especially when the patient has malformations of the
chest wall or post-operative scars, resulting in suboptimal echocardiographic window [Pennell
et al., 2004]. Owing to its precision in quantifying ventricular anatomy and function, CMR plays
a pivotal role in the management of congenital heart disease [Marcu et al., 2006; Assomull et

al., 2007].

The assessment of right ventricular properties is difficult compared to the LV in congenital
heart disease patients due to its geometry and location [Schuster et al., 2016], therefore, the
studies have been mostly focused on the LV. Cine CMR is the principal sequence to evaluate
the anatomical features of the heart and extracardiac structures, e.g., intracardiac pathways,
systemic and pulmonary veins, and ventricular outflow tracts [Geva et al., 2003; Gutiérrez et

al., 2008]. EF is the common metric to describe the ventricular function in addition to wall
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thickening and stroke volume [Gutiérrez et al., 2008], whose difference between left and right
ventricles allows for the assessment of shunt fractions and valvular regurgitation [Lorenz et
al., 2000]. Shunt fraction, which is defined as the ratio between pulmonary and systemic flow,
is another diagnostic metric in cases of intracardiac and extracardiac shunting [Gutiérrez et
al., 2008]. In addition to anatomical information, the measurement of hemodynamic param-
eters is vital to assess the flow distribution and pressure gradients, which requires both the

velocity- and magnitude-encoded images [Gutiérrez et al., 2008].

4.2.2. Ischemic Heart Disease

Ischemic heart disease, also called coronary heart disease, is a type of CVD caused by the im-
paired blood supply to the heart due to structural or functional changes in the blood vessels
[Klabunde, 2005]. According to the statistics of the WHO [World Health Organization, 2020],
IHD is the number one cause of death worldwide. Common techniques for the diagnosis of
IHD are based on ECG findings, cardiac imaging modalities, and biomarkers [Thygesen et al.,

2012]. Early detection of IHD is of paramount importance to prevent disease progression.

Early signs of IHD are observed on regional properties, especially wall motion abnormalities,
commonly assessed by echocardiography [Sudarshan et al., 2015]. Although it is the first
choice in the routine evaluation of coronary heart disease patients, interpretation of echocar-
diographic findings relies on visual assessment, hence, they are operator-dependent [Dandel
et al., 2009]. Moreover, the assessment of myocardial damage is performed based on LV ejec-
tion fraction (LVEF), which is not reliable due to the distorted chamber geometry or motion
pattern [Salvo et al., 2015]. It also does not account for the change in regional contractile
properties of the heart, which is commonly observed in coronary heart disease patients
[Abraham et al., 2001]. The diagnostic value of strain imaging has been shown to perform
better for the early identification of coronary heart disease compared to LVEF [Shimoni et al.,
2011]. Moreover, IHD is mostly related to the impaired contraction in the endocardium as the
first signs of IHD are observed in the subendocardial layer [Sarvari et al., 2013]. Speckle track-
ing echocardiography is an established technique for the assessment of infarcted region dur-
ing stress echocardiography and allows to determine the early changes [Uusitalo et al., 2016].

Unlike cine CMR, tagged CMR has not made the transition into clinical routine for the
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assessment of coronary heart disease patients due to the lack of fast motion analysis tech-

niques for myocardial strain quantification [Garot et al., 2000].

CMR has been clinically used for stress imaging, e.g., dobutamine stress MR and myocardial
perfusion imaging [Kelle & Nagel, 2008]. Dobutamine stress MR was first introduced in the
beginning of 1990s [Pennell et al., 1992] and shown to perform as well as dobutamine echo-
cardiography in determining coronary heart disease [Pennell et al., 1992]. The assessment is
performed based on the detection of impairment of contractile properties of the heart. Owing
to its high spatial resolution and low inter-observer variability [Paetsch et al., 2006], dobuta-
mine stress MR is superior to ECG testing [Nagel et al., 1999] and echocardiography. Dobuta-
mine stress MR utilizes graded doses of dobutamine infusion for the assessment of viable my-
ocardium [Kelle & Nagel, 2008; Arai, 2011]. Such an inotropic stimulation enhances the con-
tractility of the myocardium while providing coronary vasodilation [Charoenpanichkit &
Hundley, 2010]. The assessment of myocardial viability is performed based on wall motion
changes after dobutamine infusion; while myocardial dysfunction at high level of stress occurs
in viable myocardium, scarred myocardium is not able to respond [Sandstede, 2003]. Another
technique used for diagnosing IHD, myocardial perfusion, allows for the detection of perfusion
abnormalities in the subendocardial layer [Kelle & Nagel, 2008]. The use of gadolinium de-
layed enhancement techniques to detect the infarcted region is one of the cornerstones in
the clinical adaptation of CMR [Simonetti et al., 2001]. The use of contrast agents allows for a

clear distinction of the infarcted tissue and detection of acute and chronic Ml, see Figure 4.2.

Strain and strain rate are the most commonly used clinical metrics for the assessment of cor-
onary heart disease, and shown to be reduced in case of M| [Heimdal et al., 1998; Voigt et al.,
2000]. The characterization of ischemic regions was successfully performed using strain map-
ping [Croisille et al., 1999; Gotte et al., 1999]. The infarcted zone was subjected to strain anal-
ysis using SENC [Neizel et al., 2009], and later by several researchers to understand the be-
havior around the infarcted zone [Bogaert et al., 2000; Inoue et al., 2010]. G6tte et al. [Gotte
et al., 2001] showed that the functional assessment of the myocardium is more accurately

performed based on strain rather than using wall thickness as metric.
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Figure 4.2. MR late-gadolinium enhancement images of the pig heart showing (a) short-axis,
(b) two-chamber, (c) three-chamber, and (d) four-chamber views. The infarcted region is
seen as bright pixels on the anterior LV wall in (a, c, d).

The performance assessment of functional LV metrics derived from CMR-FT was performed
for scar detection using LGE imaging as the reference for scar localization [Maret et al., 2009].
The regional analysis on the LV wall revealed impaired functional measurements, e.g., dis-
placement, velocity, and strain in the radial and longitudinal directions, from the segments
with scared tissue. CMR tagging has also been used for the detection of IHD [Rogers et al.,

1999; Rosen et al., 2006; Korosoglou et al., 2009, 2010].

4.2.3. Non-Ischemic Cardiomyopathies

Depending on the driving mechanisms and alterations on the functional, structural, and mo-
lecular level, cardiomyopathies can be either physiologic or pathologic. Physiological growth
is the normal response of the heart to compensate for the changes in tissue due to stimulating
factors such as extreme physical activity, pregnancy, or biological signals [Rubler et al., 1977;

Pelliccia et al., 2002]. Pathological cardiac growth, however, generally occurs due to a
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functional loss in the cardiac muscle tissue caused by a CVD. Among the non-ischemic cardio-
myopathies, the most common ones are dilated cardiomyopathy and HCM (Figure 4.3). Orig-
inating from abnormal re-structuring of the cardiomyocytes and the extracellular matrix, re-
modeling is irreversible. In case of dilated cardiomyopathy, the ventricle stretches (Figure
4.3b), resulting in weakening of the ventricular walls and a decrease in pumping efficiency.
Hypertrophied cardiomyopathy, in contrast, relates to the thickening of the heart walls (Figure
4.3c) with an accompanying decrease in the ventricular cavity volume. Both dilated cardiomy-
opathy and hypertrophied cardiomyopathy decrease the pumping efficiency of the heart pro-

gressively.

d.

Figure 4.3. (a) Transverse section showing the healthy heart. (b) Eccentric hypertrophy due
to ventricular volume overload and (c) concentric hypertrophy due to pressure overload.
Adapted from [Kumar et al., 2005; Allen et al., 2013].

The diagnosis is mainly performed based on deformation metrics, e.g., strain, strain rate, and
twist, and clinical utility of these parameters in assessment of dilated cardiomyopathy and
hypertrophied cardiomyopathy has been shown in many studies [Yip et al., 2003; Nesbitt et
al., 2009]. CMR provides an efficient characterization of myocardial properties for the assess-
ment of cardiomyopathies [Assomull et al., 2006; O’Hanlon et al., 2007]. It performs as an
accurate alternative to assess the location and severity of hypertrophy when echocardio-
graphic techniques are suboptimal [Rickers et al., 2005], e.g., in the apical region [Moon et al.,
2004]. CMR-FT was utilized in a group of patients with HCM to assess LV rotational dynamics
and its relation to the extent of LGE [Nucifora et al., 2014]. Peak LV twist was found to increase
while the untwisting rate was delayed in these patients. Moreover, LGE properties that might

be observed due to hypertrophy were demonstrated to have significant effects on LV rotation.
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Myocardial tagging techniques have been extensively used for understanding LV functional
and structural changes in dilated cardiomyopathy [Nelson et al., 2000; Young et al., 2001] and
hypertrophied cardiomyopathy [Maier et al., 1992; Mishiro et al., 1999; Edvardsen et al., 2006;
Soler et al., 2006]. Young et al. [Young et al., 2001] utilized a FE model to quantify regional
myocardial displacement and strain in a group of patients with dilated cardiomyopathy. They
could successfully show the consistent pattern of regional deformation in dilated hearts as it
is reported by some other imaging modalities [Fujita et al., 1993; Bach et al., 1995; Uematsu
et al., 1995]. Myocardial tagging has also been used to study the rotation pattern in case of
dilated cardiomyopathy. Setser et al. [Setser et al., 2003] demonstrated impaired ventricular
rotation in terms of both the spatial distribution and magnitude. The region-specific rotational
patterns and displacement changes have been compared between healthy volunteers and
HCM patients [Maier et al., 1992]. In case of hypertrophied hearts, cardiac rotation and radial
displacement were reported to decrease mainly in the posterior region and inferior septal
zone, respectively. Early-diastolic strain rates have been shown to reduce significantly in HCM

[Ennis et al., 2003; Edvardsen et al., 2006].

4.3. Therapy Management

With the advancements in cardiovascular imaging and treatment techniques, the survival rate
of patients with CVDs has increased, generating a new patient population [Van Der Linde et
al., 2011]. Owing toits superior interstudy reproducibility, CMR has recently gained popularity
in the assessment of ventricular morphology and function after therapeutic intervention

[Marcu et al., 2006].

Cardiac resynchronization therapy. CRT is a technique to reduce the intraventricular and in-
terventricular dyssynchrony [Heydari et al., 2012]. Recent studies have revealed that CRT de-
creases patient hospitalization and improves LV systolic function, providing an increased qual-
ity of life [Higgins et al., 2003]. CRT requires invasive procedures during the patient’s lifetime
for device implantation and exchange, and continuous monitoring [Heydari et al., 2012]. De-
spite all the efforts, the response rate of patients to CRT therapy is 30% - 40% [Bristow et al.,

2004; Cleland et al., 2008], requiring an optimal patient selection strategy to improve CRT
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outcome. Myocardial strain allows for a comprehensive assessment of wall motion, providing
differentiation between the active and passive deformation of the myocardium [Dandel et al.,
2009]. It has been used in several studies for guiding and evaluating CRT [Becker et al., 2007;
Pouleur et al., 2011]. Moreover, recent studies based on speckle-tracking reveal that com-
pared to longitudinal strain, circumferential and radial components are better estimates of
CRT response [Suffoletto et al., 2006], which is not possible to quantify with most echocardi-

ographic techniques [Heydari et al., 2012].

Despite its common usage, cine CMR is not the best imaging mode to assess regional dyssyn-
chrony, while DENSE, SENC, phase-contrast CMR, and myocardial tagging yield more robust
estimates [Reichek, 1999; Heydari et al., 2012]. White et al. [White et al., 2006] successfully
related the infarction size based on delayed enhancement CMR with the CRT response in a
group of patients with interventricular dyssynchrony. To this end, CMR combined with LGE
imaging has become an integral part of guiding CRT, especially to guide the lead placement
[Heydari et al., 2012]. In another study utilizing LGE-CMR, Chalil et al. [Chalil et al., 2007] re-
ported quantitative measure of scar size, transmurality, and the pacing location for optimal
response to CRT. Mechanical indexes derived from tagged images proved to be a good esti-
mator of functional recovery upon CRT [Bilchick et al., 2008]. Rutz et al. [Rutz et al., 2009]
combined viability and dyssynchrony maps based on accelerated 3D tagging CMR in a group
of patients with left bundle branch block and patients after MI and successfully quantified

global and segmental dyssynchrony parameters.

Coronary revascularization. Coronary revascularization is one of the most common treatment
techniques to reopen narrowed or severely blocked arteries [Fitchett et al., 2014]. It has been
shown that, if not revascularized, metabolically active dysfunctional myocardium has the risk
of developing into scar tissue [K. S. Lee et al., 1994]. To guide patient selection for revascular-
ization, CMR plays an important role [Morton et al., 2010]. The conventional approaches for
guidance utilize anatomical information acquired from coronary angiography that might not
accurately assess myocardial viability and ischemia, which are the main indicators of coronary
heart disease. Therefore, coronary heart disease patients should have functional assessments
before revascularization to optimize the benefit from the treatment [Silber et al., 2005]. CMR

offers techniques for the ischemia and viability assessment that are summarized in Section
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4.2.2. Thereby, the clinician can decide if revascularization is required depending on the via-

bility of the myocardium and also the appropriate vessels to be revascularized.

4.4. Emerging Applications

Molecular imaging has provided visualization of physiological processes at the molecular level
[Herschman, 2003; Jaffer & Weissleder, 2004; Choudhury et al., 2004], and shown to be prom-
ising in cardiovascular medicine for the early detection of dysfunctions before the onset of
clinical events [Naghavi et al., 2003; Jaffer et al., 2005]. The molecular imaging techniques are
mainly focused on visualizing atherosclerosis [Naghavi et al., 2003; Libby, 2012], macrophages
[Choudhury et al., 2004; Jaffer et al., 2006; Libby, 2012] and thrombosis [Badimon & Fuster,
2002], which are related to the IHD and sudden cardiac failure. Molecular imaging techniques
have also been applied to image disease progression after Ml and also used to guide therapies
for myocardial regeneration, e.g., stem cell therapy [Jaffer et al., 2007]. Stem cells derived
from bone marrow were first administrated in the beginning of the 2000s with the aim to the
myocardium after IHD [Hamano et al., 2001], followed by clinical trials [Wollert et al., 2004;
Bartunek et al., 2005; Janssens et al., 2006; Kraitchman & Bulte, 2008]. However, cardiac stem

cell therapy of the human heart has not been successful so far [Surder et al., 2013, 2016].

There has been a growing interest in integrating clinical data with computational models for
a better understanding of the cardiovascular system, not only for research purposes but also
in the clinical setting. Translational cardiac modeling promises to guide the search for more
robust biomarkers to improve diagnosis and therapy planning [Chabiniok et al., 2016]. Con-
sidering the medical and economical concerns in developing cardiac devices, computational
heart models could play a significant role in the development, testing, and validation phases
until the device is ready to be used in the clinics. Computational models are a promising part
of the performance assessment, especially of artificial heart valves [Yoganathan et al., 2004]
and LV assist devices [Fraser et al., 2011; Lim et al., 2012; McCormick et al., 2014]. Moreover,
a quantitative understanding of myocardial properties contributes to a better diagnosis of
cardiac dysfunction with the help of biomarkers which are not possible to acquire without
patient-specific cardiac models [Vicky Y. Wang et al., 2009; Sermesant et al., 2012; Genet et
al., 2015; Chabiniok et al., 2016].
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Computational cardiac models may also be used to guide and improve current therapeutic
techniques, reducing the need for invasive data [Chabiniok et al., 2016]. These models are
commonly preferred in the optimization of lead placement for CRT and also to better assess
the relation between mechanical and electrical activation [Kerckhoffs et al., 2008; Kayvanpour
et al., 2015]. In one of their studies, Sermesant et al. [Sermesant et al., 2012] has compared
in vivo measurements and predicted values of isochrones and pressure curves for different
pacing modes of CRT, including atrial, right ventricular, left ventricular endocardial, and biven-
tricular pacing with simultaneous endocardial left ventricular pacing, see Figure 4.4. For each
pacing, the measured and the predicted endocardial isochrones are compared and shown to
be in good agreement. The comparison for biventricular pacing with simultaneous endocardial
left ventricular pacing is shown in Figure 4.4a. The simulated pressure curves are also demon-

strated to correlate with the measurements for each pacing protocol, see Figure 4.4b.
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Figure 4.4. Comparison of in vivo measurements and model prediction for different pacing
protocols for CRT. (a) The measured isochrones for left ventricular pacing are projected on
the endocardium (left). Coronary sinus and endocardial pacing catheters are shown. The
corresponding prediction results are represented (right). (b) The pacing effect on the pres-
sure development comparing the simulation results and the measurements for (1) atrial, (2)
right ventricular, (3) left ventricular endocardial (4) biventricular pacing with simultaneous
endocardial left ventricular pacing protocols. Adapted from [Sermesant et al., 2012].
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Chapter 5
In-silico Study of Accuracy and Precision of

Left-Ventricular Strain Quantification from

3D Tagged MRI?

5.1. Introduction

The noninvasive assessment of myocardial function represents an important diagnostic tool
in the clinic. Beyond cine Magnetic Resonance Imaging (MRI), a number of dedicated ap-
proaches to quantify ventricular tissue motion and strains have been proposed, including
phase contrast [Bryant et al., 1984], tissue tagging [Zerhouni et al., 1988], displacement en-

coding [Aletras, Ding, et al., 1999] and strain encoding [Osman et al., 2001].

In the present paper, we focus on 3D tagged MRI [Axel & Dougherty, 1989a], which is based
on the principle of SPAMM [Zerhouni et al., 1988; Fischer et al., 1993]. Since its inception, a
number of improvements have been proposed [Axel & Dougherty, 1989a; Ryf et al., 2002;
Rutz et al., 2008; Shehata et al., 2009; Stoeck et al., 2012] and the method has been shown to
reveal alterations in myocardial function for a variety of pathologies including IHD [Kramer et
al., 1993; Marcus et al., 1997], aortic stenosis [Stuber et al., 1999], cardiac hypertrophy [Young
et al., 1994], left bundle branch block [Rutz et al., 2009], cardiomyopathy [Young et al., 2001]

and coronary artery disease [Kraitchman et al., 2003], among others.

Processing techniques for tagged data can be divided into three main categories: direct, Fou-
rier-based, and tracking-based approaches [Tobon-Gomez et al., 2013]. While direct methods

aim to extract tag features using image filtering and segmentation approaches [Kraitchman et

2 Published in: Berberoglu, E., Stoeck, C. T., Moireau, P., Kozerke, S., & Genet, M. (2021). In-silico study of
accuracy and precision of left-ventricular strain quantification from 3D tagged MRI. PloS One, 16(11),
€0258965. doi:10.1371/journal.pone.0258965.
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al., 1995], Fourier-based methods exploit the Fourier-shift theorem by band-pass filtering a
single tagging peak in k-space yielding a material point-specific image phase which can be
tracked (HARP [Osman et al., 1999, 2000]). Limitations include a reduction of spatial resolution
due to band-pass filtering [Liu et al., 2004], as well as potential phase aliasing [Arts et al.,
2010]. Using SinMod, the noise sensitivity of HARP is partly addressed by providing improved
accuracy of the displacement fields in low SNR scenarios [Arts et al., 2010]. SinMod was also
demonstrated to perform well in 3D [Hui Wang et al., 2013]. However, SinMod, like HARP and
other phase-based approaches, requires sufficiently small displacements in-between tem-
poral frames. Tracking-based approaches aim to find a deformation field to register any two
images, typically involving also some form of regularization [Hui Wang & Amini, 2012; Tobon-
Gomez et al., 2013]. Compared to Fourier-based approaches, which are applicable to tagged
images only, tracking-based methods have a wider range of applications, including cine,
tagged [Tobon-Gomez et al., 2013; Genet et al., 2018] or ultrasound images [L. C. Lee & Genet,
2019]. Among the tracking-based approaches, Finite-Element (FE)-based methods offer a con-
venient way to constrain the solution displacement field, with a proper discretization inde-
pendent of the image discretization, thus naturally providing geometrical regularization
[Mansi et al., 2011; McLeod et al., 2012; Zou et al., 2018]. Moreover, it allows the incorpora-
tion of mechanical regularization, either based on basic mechanical principles, or using me-
chanical models [Genet et al., 2018]. These models require the prescription of appropriate

boundary conditions and a material model to characterize the cardiac constitutive behavior.

Studies using MRI tagging have revealed regional differences in strain distribution [Young et
al., 1994; Moore, Lugo-Olivieri, et al., 2000; Bogaert & Rademakers, 2001]. While circumfer-
ential and longitudinal strains are reported frequently for both healthy subjects and patients,
radial strain is often omitted due to limited accuracy and precision [Simpson et al., 2013]. At
the same time, radial strain is a decisive metric for assessing contractility of the heart [Fallah-

Rad et al., 2011].

It is the objective of the present work to analyze the dependency of radial, circumferential
and longitudinal strain quantification from 3D tagged MRI with regard to tag distance, image
resolution, and SNR. To do so, synthetic tagged images are generated using a reference bio-

mechanical LV model [Sainte-Marie et al., 2006; Imperiale et al., 2011] as input. Strain is then
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guantified from the synthetic images using a recently proposed FE-based method with me-

chanical regularization referred to as equilibrated warping [Genet et al., 2018].

5.2. Methods

Figure 5.1 summarizes the pipeline of this study, which includes the reference LV model (Fig-
ure 5.1a), rasterization, resampling and convolution (Figure 5.1b), image processing (Figure
5.1c), and image registration (Figure 5.1d).
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Figure 5.1. Study design. (a) Reference biomechanical LV model simulating the full cardiac
cycle. (b) Synthetic image generation using the model. Three different image stacks with tag
lines in orthogonal directions are generated by rasterization (1) and then resampled by crop-
ping in k-space and convolved in time (2). (c) Adding noise and changing image resolution
by filtering in k-space. (d) Image registration showing 3D tagged images superimposed with
the warped mesh for different time frames.

5.2.1. Cardiac Biomechanical Model and Reference Left-Ventricular Motion

In this study, we utilize a generic anatomical model of the LV represented by a truncated el-

lipsoid with an approximate ED volume of 202 ml, decreasing down to 62 ml at ES. The
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ventricular wall thickness is almost constant across the ventricle with approximate values of
15 mm and 22 mm at end-diastole and end-systole, respectively. We consider a reference
biomechanical model of the LV [Sainte-Marie et al., 2006; Chapelle et al., 2012], which com-
bines a passive visco-hyperelastic behavior with a micro-macro model of the active muscle
contraction [Chapelle et al.,, 2012], and is coupled to a lumped cardiovascular circulation
model [Sainte-Marie et al., 2006]. FE resolution of the model provides the displacement field
over the LV (from which one can compute any deformation metric, e.g., strain, strain rate,
etc.) with 1000 time steps throughout the cardiac cycle. The model is used as ground truth in
the study. To ensure a physiological behavior and prevent unrealistically large displacement
velocities at the base of the LV [Kozerke et al., 1999], the displacement was interpolated in

time, capping the maximum velocity to 0.1mm/ms (Figure 5.1a).

5.2.2. Synthetic Image Generation

The modified LV model is further utilized to generate synthetic 3D-tagged images as follows.
First, tagged images with 0.5 mm pixel size are generated from the time-resolved LV meshes
through rasterization [Sermesant et al., 2003], and using a simplified complementary spatial
modulation model [Ryf et al., 2002] for 3D tagging without tag-line fading (Figure 5.1b-1). We
assume a standard image generating function used in CSPAMM to create the tagged image

stacks:

[ =sin (nz(i), (5.1)

where X; corresponds to the spatial coordinate of the image voxel in the i*" direction, and s is
the tagging distance, ranging from 3 mm to 7 mm (Figure 5.2a). Compared to other tagging
techniques, in which the tagging pattern is approximated by higher order functions, (e.g.,
SPAMM) [Ryf et al., 2002], here we assume the standard modulation pattern for CSPAMM as
a “worst case” scenario in terms of tag line contrast. Considering the approximate ventricular
wall thickness at ED, the synthetic images have between ca. 2 (for 7 mm tagging) and 5 (for 3

mm tagging) tag lines within the thickness of the myocardium.

Three stacks are generated, withi = 1, 2, 3 for each tagging direction. Thereafter, images are

resampled to 1 mm pixel size using zero-filling after cropping in k-space and convolution in
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time (Figure 5.1b-2) using a convolution window size of 40 ms [Axel & Dougherty, 1989a].
Then, the images are resampled in time to yield 100 time steps throughout the cardiac cycle.

These three series of images are then combined using:

. <T[X1) . (nXZ)
sin|—— sin|——
S S

3

I,(X) = (5.2)

. <T[X3)
sin[—]].
S

to generate the reference dataset used for 3D validation of the FE-based image registration

technique (Figure 5.1d).

[
.

..
L1}
[ 1}
LT
L1
L1
LLL
S
L
-
3

Figure 5.2. Isotropic synthetic images to analyze the effect of image properties. Images with
(a) varying tag distances (in mm), (b) pixel sizes (in mm), and (c) SNRs (values are written at
the bottom right corner for each case). Images shown in (a) are noiseless and have 1 mm
pixel size. Images in (b) are noiseless and have 7 mm tag distance. For the ones in (c), pixel
size and tag distance are 3.5 mm and 7 mm, respectively. Images represent the configuration
at end-diastolic time frame.

In addition to the reference images, datasets with varying image properties are generated

(Figure 5.1c). First, different levels of Gaussian noise with zero mean are added to generate
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sets of images with varying SNR, which is defined as the ratio of the magnitude of the signal

to standard deviation of the noise:

(5.3)

Then, image spatial resolution is changed by filtering the reference dataset in k-space using a
box filter with different bandwidth (Figure 5.1c). We generated image sets varying in tag dis-

tance (Figure 5.2a), pixel size (Figure 5.2b), and SNR (Figure 5.2c).

5.2.3. FE-based Image Registration

FE-based image registration is then performed on the synthetic datasets to investigate the
effect of image properties on deformation quantification (Figure 5.1d). A continuum formula-
tion of the image registration problem is introduced and later discretized using the FE method.
Considering the reference and current configurations of the object represented by the images,
Q, and Q, related image intensity fields are denoted by I, and I;. A deformation map ®(X)
is defined between these two configurations to map the reference points X € (), onto their
spatial counterparts x = ®(X) = X+ U(X) € Q,, where U is the displacement field. In the
presence of image noise, this problem is ill-posed and requires to be formulated as a minimi-

zation problem. Hence, the problem of finding the displacement field can be formulated as

find U = argmin = {h(U) = (1 — B)¥™(U) + B¥r8(U)}. (5.4)
)

which aims to minimize the functional h expressed in terms of regularization strength B. The

image similarity metric, '™,

. 1
wImU) = Sl o @ = Tollizq,), (5.5)

and the regularization energy, W'°g,

[, 2 1 2
preg — ZKE ”DIV(F S) ”LZ(K) + ZFﬁ [[F S. N]]LZ(F)' (56)

are weighted by factors (1 — B) and B, respectively, to rescale the regularization strength to

stay in the range [0,1]. K, F and N represent the set of finite elements, the set of interior
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facets, and the facets normal, respectively. S and F are the second Piola-Kirchhoff stress ten-
sor and transformation gradients, respectively, and h is a characteristic length of the elements;
see [Genet et al., 2018] for more details. The novelty in the method is the regularization tech-
nique which is a continuum finite strain formulation of the equilibrium gap principle intro-
duced in [Claire et al., 2004], readily discretizable with standard finite elements. Compared to
other mechanical regularization techniques, equilibrated warping enforces only the basic prin-
ciple of mechanical equilibrium, but does not constrain strain magnitude in any way. Moreo-
ver, the registration problem is geometrically regularized by the FE mesh. In addition to the
equations specified above, Equation 5.6 requires the specification of a constitutive model,
chosen here as Neohookean compressible hyperelastic potential with Ciarlet-Geymonat

[Ciarlet, 1982]:

po b = 5 (12— 1 =) + & (Ic — 3 — 2In(D), (5.7)

in terms of bulk and shear modulus, k and p, volume map, ] = Det(F), and I = Tr(C). Here,
F = Grad(®)and C = FTF are the deformation gradient and right Cauchy-Green defor-
mation tensor, respectively. Following the general FE procedure, the variational form of Equa-
tion 5.4 is obtained by derivation. It is then linearized, and discretized using standard contin-
uous Lagrange elements. More details on the formulation and solution procedure can be
found in [Genet et al., 2018]. The method implementation is freely available as a python li-

brary® implemented based on FEniCS [Alnaes et al., 2015] and VTK* libraries.

The impact of the regularization parameter and the mechanical model utilized are further dis-
cussed in [Genet et al., 2016, 2018]. In this study, for each image set, we run the registration
algorithm for a range of regularization strength § and use the best performing value (i.e. esti-
mated motion closest to ground truth) in the analysis. The reader is referred to [Genet et al.,
2018] for a more detailed discussion on the choice of  in case the ground truth is unknown.
By designing this “optimal” registration technique, we focus the study on the image content

itself, not the image processing approach.

3 https://gitlab.inria.fr/ mgenet/dolfin_warp
4 http://www.vtk.org
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5.2.4. Performance Metrics for Cardiac Strain Quantification

Strain quantification performance is assessed through computing the normalized mean and

standard deviation of the norm of the displacement error given by:

_ ”ui"eg - ui"ef“

d; = g ___refl (5.8)
maX”uref”
1 &
davg = N—Z d; x 100 (%), (5.9)
=1
1 &
ota = 1 (A = dyyg)? X 100 (%), (5.10)
=1

where d,,g and dgq are the normalized mean and standard deviation in displacement error
norm. uireg and ul are the displacement vectors at node i at ES time frame, for the registered

case and ground truth, respectively. Moreover, N,, is the total number of nodes.

In addition to the displacement error, we investigate the component-wise sensitivity of the
strain to a change in image characteristics by computing the mean and standard deviation

according to:

€ = Sll"eg - Sli~ef: (511)
Nej
1
Cavg = N_elzl € (5.12)
1=
1 Nej
eaa = 1= (&~ eavg)’ (5.13)
Nel =1

where ey, and egq are the mean and standard deviation in strain error for component s,
which is a scalar field, while sieg and sl are the strain values at element i at ES time frame

for the registered case and the ground truth, respectively.

In this study, we investigate both the individual and combined effects of two image character-

istics, Tag distance to Pixel size Ratio (TPR) and SNR on images with isotropic (Figure 5.2) and
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anisotropic (Figure 5.3) spatial resolution. The first part, analysis on isotropic images, includes
noiseless images with TPR ranging from 2.8 to 7.0 (Figure 5.2a, b), and images with varying
levels of SNR (from 5 to 30) (Figure 5.2c), keeping the tag distance and pixel size constant: 7
mm and 1 mm, respectively. The combined effect of TPR and SNR is investigated on the image
set with isotropic pixel size ranging from 1.5 mm to 3.5 mm having different SNRs (from 5 to

30) and a tag distance of 7 mm.

Figure 5.3. Anisotropically resolved synthetic images to analyze the effect of geometrical
inconsistencies. Images with 7 mm tag distance, SNR 20, and 3.5x7.0x7.0 mm?3 pixel size for
varying amounts of shift increasing from left to right (values are written at the bottom right
corner for each case) on (a) short-axis and (b) long-axis views. IP and TP stand for the direc-
tion of shift, in-plane and through-plane, respectively. Images represent the configuration
at end-diastolic time frame. The arrows indicate the regions with the largest amount of error
due to shift for IP (+ 6 IP) and TP (+ 6 TP).

The second part is focused on the analysis of anisotropic image resolutions. Similarly, individ-
ual effects of resolution and SNR are analyzed first. For this purpose, we generated noiseless
images with 7 mm tag distance and pixel size ranging from 1.5 mm to 3.5 mm in the tagging
direction, while the transverse directions are assigned to a larger pixel size ranging from 3.5
mm to 7 mm. For the SNR analysis, three datasets are chosen to represent different levels of
pixel size (2.0x4.0x4.0 mm?3, 3.0x6.0x6.0 mm?, and 3.5x7.0x7.0 mm?3) with varying noise levels
in the same interval as used for the isotropic case. The anisotropic image analysis is enriched
by going beyond random errors and considering a source of systematic error (Figure 5.3). Since

in vivo 3D tagged images are acquired in three successive breath-holds, individual image
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stacks may not be perfectly aligned [Stoeck et al., 2012]. Hence, we introduce shifts between
individual image stacks to better reproduce the in vivo image acquisition, and understand the
effect on deformation analysis. In this study, we simulated in-plane (IP) and through-plane
(TP) shifts of image stacks with 3.5x7.0x7.0 mm? pixel size and SNR 20. For this purpose, the
image stack tagged in Z is kept constant for both cases while the two other stacks are shifted

in the respective planes by the same amount (Figure 5.3).

5.3. Results

5.3.1. Isotropic Images

5.3.1.1. Impact of TPR. Figure 5.4 presents the error analysis as a function of TPR, where the
black curves represent change in pixel size for a constant tag distance of 7 mm while the red
curves stand for constant pixel size of 1 mm as tag distance varies. Normalized mean * stand-
ard deviation of the displacement error norm (defined Equations 5.9 and 5.10, reported Figure
5.4) and mean t standard deviation in Green-Lagrange strain component errors (defined
Equations 5.12 and 5.13, reported Figure 5.4b-d) are used as the metrics to assess strain esti-
mation accuracy. As shown in Figure 5.4a, the tracking algorithm performs well in comparison
to ground truth with a displacement error of 1.1 + 0.8% relative to the reference image set.
Moreover, it still performs well for TPR higher than 4.0. The largest strain error is observed in
the radial component, which is 0.1 + 0.2 for 1 mm pixel size and 3 mm tag distance (Figure

5.4b).

5.3.1.2. Impact of SNR. Figure 5.5 presents the effect of SNR on strain measurement. For all
plots, black curves stand for the best performing regularization 3 while the red ones represent
error in the displacement field when no regularization is applied. For the best case (Inf SNR),
error in the displacement filed is 1.1 + 0.8% (Figure 5.5a). For SNR 5, regularization decreases
the error from 3.5+ 2.6% (for 3 = 0) to 1.6 £ 1.1% (for best § = 0.05). A similar trend is found
in Figure 5.5b-d in terms of mean * standard deviations in Green-Lagrange strain component
errors. For SNR 5, errors in radial, circumferential, and longitudinal components are 0.0 £ 0.3,
0.0+ 0.1, and 0.0 £ 0.1 when no regularization is applied. For optimal regularization, errors in

these components vanishes for all components.
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Figure 5.4. Effect of Tag distance to Pixel size Ratio (TPR) on noiseless isotropic image anal-
ysis. (a) Normalized mean + standard deviations in displacement error norm (%) plotted as
a function of TPR. Black curve stands for the errors computed for the images with different
pixel sizes keeping the tag distance constant at 7 mm while the red one represents the anal-
ysis results with different tag distances where the pixel size is 1 mm. (b-d) Mean * standard
deviations in component-wise Green-Lagrange strain error as a function of TPR for the best
performing regularization strength. Radial strain component is more sensitive to a change
in TPR while the (c) circumferential and the (d) longitudinal components are more accurately
measured.

5.3.1.3. Combined Impact of TPR and SNR. Figure 5.6 presents the results for the images with
different isotropic resolutions varying in SNR at a fixed tag distance of 7 mm. Error in dis-
placement field significantly increases as pixel size and SNR change from 1.0 mm to 3.5 mm
and Inf to 5, respectively (Figure 5.6a). While the error in displacement field is 1.1 + 0.8% for
1 mm pixel size and Inf SNR, it increases to 3.1 £ 1.8% when pixel size is 3.5 mm and SNR 5
(worst case). Radial strain error (Figure 5.6b) is larger compared to other components (Figure

5.6¢, d) and 0.01 + 0.14 for the worst case. The reader is referred to Figure 5.10 in Supporting
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Information for the choice of optimal 3 values for varying image resolution and SNR. The two-
way ANOVA analysis on SNR and image resolution shows that SNR is the main source of error
in displacement field, radial and circumferential strain errors with 56%, 69% and 39%, respec-
tively, while the corresponding contributions from image resolution are 39%, 20% and 37%.

The longitudinal strain error, however, is 17% due to SNR and 72% due to image resolution

(p < 0.0001).
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Figure 5.5. Effect of SNR on isotropic image analysis. Results on images with 1 mm pixel size
and 7 mm tag distance. (a) Normalized mean * standard deviations in displacement error
norm (%) without regularization (red curve) and with optimal regularization (black curve).
Regularization helps decreasing the registration error significantly. (b-d) Mean * standard
deviations in component-wise Green-Lagrange strain error as a function of SNR which is in-
dependent of regularization strength for SNR220.

74



In-silico Study of Accuracy and Precision of LV Strain Quantification from 3D Tagged MRI

—@—pixel size: 1.5 mm—@—pixel size: 3.0 mm —@—pixel size: 1.5 mm—@—pixel size: 3.0 mm
—&—pixel size: 2.0 mm —@—pixel size: 3.5 mm —&—pixel size: 2.0 mm—@—pixel size: 3.5 mm

Tor b

5 0.2 - - ——
I pixel size: 1.0 mm pixel size: 2.5 mm i pixel size: 1.0 mm pixel size: 2.5 mm

S
]
5
€
QJ —
£ =
o
& = )
g E ]
3 Y <
g # !
5 = [ £ E
2 s -
[%) kel
4 & I i i
- . l
8 -0.1
®
£
o
T
o ‘ ‘ | 02 ; ‘ ‘
5 10 20 30 Inf 5 10 20 30 Inf
SNR SNR
a. b.
0.2 - - - - 0.2 - - - -
pixel size: 1.0 mm pixel size: 2.5 mm pixel size: 1.0 mm pixel size: 2.5 mm
—@—pixel size: 1.5 mm —@—pixel size: 3.0 mm —@—pixel size: 1.5 mm—@—pixel size: 3.0 mm
—&—npixel size: 2.0 mm —@—pixel size: 3.5 mm —@—npixel size: 2.0 mm —@—pixel size: 3.5 mm
? 0.1 . 01
2 <
g 5
£ s
£ 1 L] = = 3 T w = -
7] S L =
= LE T 5 og o \
o [ h .g = T
g E
£ )
=1 [=4
o o
S -01 1 - 01t
-0.2 L L 1 -0.2
5 10 20 30 Inf 5 10 20 30 Inf
SNR SNR
c d.

Figure 5.6. Combined effect of image resolution and SNR on isotropic image analysis. Results
on images with 7 mm tag distance. (a) Normalized mean * standard deviations in displace-
ment error norm (%) plotted as a function of SNR for different pixel sizes. (b-d) Mean %
standard deviations in component-wise Green-Lagrange strain error as a function of SNR
and pixel size. Combined effect of pixel size and SNR is more pronounced on the (b) radial
strain component while there is almost no change in the (c) circumferential and (d) longitu-
dinal components. Legends show the pixel size in mm.

5.3.2. Anisotropic Images

5.3.2.1. Impact of Image Resolution. Figure 5.7 summarizes the analysis results on noiseless
anisotropically resolved images. For each plot, the x axis represents the pixel size in tagging
direction which is finer compared to the orthogonal (transverse) directions represented by
the y axis. Figure 5.7a shows the normalized mean + standard deviation (%) of the displace-
ment error norm which increases from 1.5% to 2.6% as the pixel size increases from

1.5x3.5x3.5 mm?3 to 3.5x7.0x7.0 mm?3. The error in radial strain increases up to 0.06 when the
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pixel size in orthogonal direction is larger than 5 mm (Figure 5.7b). Moreover, circumferential

(Figure 5.7c) and longitudinal (Figure 5.7d) components are less sensitive to change in image

resolution.
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Figure 5.7. Effect of image resolution on anisotropically resolved image analysis. Results on
noiseless images with 7 mm tag distance. (a) Normalized mean % standard deviations in dis-
placement error norm (%) as a function of pixel size. (b-d) Signed averages in Green-La-
grange strain component errors as a function of pixel size. Radial strain component is the
most sensitive to an increase in pixel size, while (c) circumferential and the (d) longitudinal
components are not affected at all.

5.3.2.2. Combined Impact of Image Resolution and SNR. We observe an increase in error both
in displacement field (Figure 5.8a) and strain components (Figure 5.8b-d) for anisotropic im-
ages as SNR decreases and pixel size increases. The lowest error was found for the smallest
pixel size and highest SNR: the error in displacement field is 1.5 + 1.0% while it increases to
4.4 + 2.8% for the worst case (3.5x7.0x7.0 mm3pixel size & SNR 5) (Figure 5.8a) The reader is
referred to Figure 5.10b in Supporting Information for the choice of optimal 3 values for ani-
sotropic image resolutions (2.0x4.0x4.0 mm?3, 3.0x6.0x6.0 mm? and 3.5x7.0x7.0 mm3) and

varying SNR. ANOVA analysis shows that SNR is the main source of error in displacement and
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radial, circumferential and longitudinal strain errors with values of 62%, 78%, 64%, and 46%,
respectively while image resolution contributes with 36%, 1%, 16%, and 24% to each field

(p < 0.0001).
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Figure 5.8. Combined effect of image resolution and SNR on anisotropically resolved image
analysis. Results on images with 7 mm tag distance. (a) Normalized mean + standard devia-
tions in displacement error norm (%) plotted as a function of SNR for different pixel sizes.
(b-d) Mean t standard deviations in component-wise Green-Lagrange strain error as a func-
tion of SNR and pixel size. Combined effect of increased pixel size and decreased SNR is more
pronounced on the (b) radial strain component while there is almost no change in the (c)
circumferential and (d) longitudinal components.

5.3.2.3. Combined Impact of Image Resolution, SNR and Geometrical Inconsistencies. Figure
5.9 presents the results for the images with anisotropic resolution 3.5x7.0x7.0 mm3, tag dis-
tance of 7 mm and SNR 20 when different amounts of shift between tagged image stacks are
applied. For all plots, the black curves represent the analysis results on images shifted in-
plane, i.e., in the short-axis plane. Red curves stand for the images shifted through-plane along

the long axis, where the same stacks are shifted in the transverse direction. Error in
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displacement field increases as the stacks are shifted further (Figure 5.9a). When the image
stacks are shifted by £6 mm in-plane and through plane, the errorincreases up to 10.1 + 5.4%
and 9.8 £ 5.0%, respectively. Effect of shifting is more significant on radial strain component
(Figure 5.9b). The error is -0.02 £ 0.27 when the shift is £6 mm in-plane while it is -0.01 £ 0.32
for through plane shift. However, circumferential and longitudinal strain components are
quite robust to any type of shift between image stacks (Figure 5.9b and 5.9c). The localized

effects of shifting are further discussed in Supporting Information.
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Figure 5.9. Effect of geometrical inconsistencies. Results on images with anisotropic pixel
size 3.5x7.0x7.0 mm3 and SNR 20 for 7 mm tag distance. (a) Normalized mean % standard
deviations in displacement error norm (%) plotted as a function of in-plane and through
plane shift (in mm) between image stacks. (b-d) Mean * standard deviations in component-
wise Green-Lagrange strain error as a function of in-plane and through plane shift (in mm)
between image stacks. Increasing amount of shift leads to an increased error in radial strain
component (b) while there is almost no change in the (c) circumferential and (d) longitudinal
components.
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5.4. Discussion

We have investigated the effect of image resolution, tag distance and SNR on deformation
quantification from 3D tagged images and have illustrated the challenges in quantifying radial

strain.

For noiseless images, registration can be performed without regularization for all TPR values
greater than 2 in case the tag distance is kept constant (see Figure 5.4). Although TPR is a
dimensionless parameter essentially controlling the impact of tag distance and image resolu-
tion on the motion tracking, the tracking error still differs when varying TPR by changing tag
distance (red curve of Figure 5.4) or pixel size (black curve of Figure 5.4). This is due to the fact
that the tracking also depends on the different spatial scales of the problem, i.e., the object
size, the displacement length, and the mesh size (which defines the tracked displacement
characteristic length). Indeed, for an object of given size and an image of given TPR, an image
with coarser discretization will lead to more partial voluming and thus larger tracking error.
Similarly, for a given object motion, jumps across tag lines will be facilitated on images with
smaller tagline distances. Note that such tag jumps are not directly caused by our choice of
tracking method or temporal discretization; they are inherent to tracking with periodic tagging
patterns and have been reported for other tracking methods such as harmonics phase imaging
[Osman et al., 1999]. Therefore, we studied the effect of TPR in the optimal range of tag dis-
tance; coarse enough to prevent the tag line jumping during tracking and fine enough to have
good image contrast. Practically, for future CMR tagging acquisitions, this suggests using ra-
ther large tag distances (2 5 mm) to prevent tag jumping when tracking cardiac motion. Fo-
cusing on results with 7 mm tag distances (black curve of Figure 5.4), tracking results are not
drastically influenced by TPR, i.e., by image resolution. This holds true for the displacement
error, as well as for the strain error, in terms of both mean and standard deviation. Radial
strain error is generally larger than circumferential and longitudinal strain errors; however,

this higher sensitivity of radial strain is not significantly affected by image resolution.
Conversely, for noisy images, SNR has a significant impact on tracking errors (see Figure 5.5),
especially when tracking without regularization (red curve of Figure 5.5). Indeed, in this case,

the standard deviation of the strain error explodes for low SNR. This is true for all components,
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though it is more significant for radial strain compared to circumferential and longitudinal
strains. However, the higher error of radial strain can be alleviated by the use of regularization
(black curve of Figure 5.5). Indeed, with regularization, even though the radial strain error
standard deviation is higher than for circumferential and longitudinal strains, the tracking er-

ror is not influenced by SNR.

Looking at the combined effect of image resolution and SNR (see Figure 5.6), we observed a
considerable increase in displacement error with increasing pixel size and decreasing SNR. This
trend is seen despite the use of optimal regularization and fine temporal discretization, which
suggests that the cause may be found in the image properties, i.e., spatial resolution and SNR.
More specifically, we found that radial strain was much more sensitive to image characteris-
tics than circumferential and longitudinal components. This is in line with observation made
on tagged CMR image processing [Tobon-Gomez et al., 2013; Genet et al., 2018]. The elevated
error in the radial component can also be associated to the thickness of the myocardial wall,
which is much smaller than the circumference and length of the ventricle [Moore, McVeigh,
et al., 2000]. However, in this study, we did not investigate the effect of wall thickness on
motion quantification in detail. Instead, we limited the scope of the study to the effect of
imaging parameters only, fixing the geometrical and material biomechanical model parame-
ters to normal values. One solution would be to increase the tag line density in the radial
direction; however, as discussed previously, this would require to make the tracking more
robust with respect to tag jumping. Alternatively, for future CMR acquisitions, tagged image

resolution needs to be improved for better radial strain mapping.

The effect of SNR is more pronounced for the estimation of the displacement field and radial
strain when combined with the anisotropic voxel sizes (see Figure 5.7 and Figure 5.8). Alt-
hough the anisotropic images represent a better approximation of the in vivo imaging setting,
we do not observe a dramatic increase in error for low SNR values by the choice of optimal B
(Figure 5.8a, b). On the contrary, circumferential and longitudinal strains did not show signif-
icant increase in error when choosing an anisotropic voxels size within the range evaluated in
this study. And again, since this is found with a fine temporal discretization and an optimal
motion tracking method, this reinforces the point that reduced radial strain measured on in

vivo images is induced by limited image spatial resolution and SNR.
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To further study this point and mimic multi breath hold in vivo acquisitions, we investigated
geometrical stack misalignment as additional source of error (see Figure 5.9). While the direc-
tion of shifting appeared to not influence the error, we observed an increased error more
pronounced in the radial strain component while the other two components remain insensi-

tive when stacks are shifted further apart.

Radial strain quantification remains sensitive to low SNR, TPR and slice misalignment, however
the quantification of circumferential and longitudinal strains appears to be affected only little
across the parameter range investigated in this study. Both global longitudinal strain (GLS) and
global circumferential strain (GCS) have been used as prognostic value for disease severity in
the clinical setting [Huttin et al., 2016; Reindl et al., 2019], with GLS being the most widely
used metric to predict heart failure [Ersboll et al., 2012]. To this end, the tracking method used
inthis study [Genet et al., 2018], offers a robust way for the assessment of clinically used strain

values.

In order to make radial strain measurement more robust and potentially useable in the clinical
setting, multiple attempts have already been made. Combining untagged and tagged images
has been shown to perform better compared to using only one type of image [Shi et al., 2012;
Tobon-Gomez et al., 2013], though the use of untagged images suggests that strain heteroge-
neities might not be mapped accurately. Proposed as a new imaging modality, SubTag SSFP
feature tracking has allowed for acquiring regional deformation and ventricular function in a
single MRI scan, hence, achieving shorter scan time and better mechanical assessment
[Schrauben et al., 2018]. Lastly, the imaging process itself has also been modeled to under-
stand the effect of partial voluming, which deteriorates the image quality, and as a conse-
quence, deformation assessment [Skardova et al., 2019]. Nevertheless, our study suggests
that by improving image resolution, measuring accurate radial strain fields could be achieved

based solely on tagged MRI with existing image processing techniques.

5.5. Conclusion

In this study, we systematically investigated the accuracy and precision of deriving LV strain

components from CMR tagged images by FE digital image correlation. It shows the robustness
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of GLS and GCS to varying image characteristics, supporting their reliability and common usage
in the clinical setting. Moreover, the error analyses suggest that it is worthwhile investing into
higher spatial resolution when planning tagged CMR acquisitions in order to obtain a robust

radial strain estimate.

5.6. Supporting Information

Figure 5.10 represents the dependency of the optimal regularization parameter on image res-
olution and SNR. The color code shows the value of regularization parameter ranging from 0.0
to 0.3. For isotropic image resolution (Figure 5.10a), change in SNR does not affect the value
of optimal regularization strength for small pixel size (1 mm). However, for larger pixel size,
regularization strength increases with decreasing SNR. Similarly, for a given SNR, increasing
pixel size is compensated with higher regularization strength. For the worst case (pixel size =
3.5 mm and SNR 5), the image registration requires 3 = 0.2. For anisotropic image resolution
(Figure 5.10b), the dependency of regularization strength on SNR and pixel size follows the
same trend as in isotropic images. For the worst case (pixel size = 3.5x7.0x7.0 mm? and SNR

5), B = 0.3 is required.
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Figure 5.10. Change in optimal regularization strength with respect to image resolution and
SNR. Colour code represents the value of regularization strength. (a) The pixel size (in mm)
in one direction is shown on x axis for isotropic images. SNR has more impact on the choice
of regularization strength as pixel size increases. (b) For anisotropic images, 3D image reso-
lution is represented on x axis (in mm3). For a given SNR, increasing pixel size requires more
regularization. Likewise, higher regularization is required for decreasing SNR when pixel size
is kept constant.
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The regional changes in normalized absolute displacement error (%) and mean =+ standard
deviation in strain component errors are plotted for IP and TP shifts in Figure 5.11 and Figure

5.12, respectively.
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Figure 5.11. Effect of in-plane shift on regional motion quantification. Results on images
with anisotropic pixel size 3.5x7.0x7.0 mm?3 and SNR 20 for 7 mm tag distance. For all the
plots, colour code shows the amount of in-plane shift ranging from £0 mm to £6 mm. (a)
Mean = standard deviation in normalized displacement error norm (%) plotted as a function
of in-plane angle, a with respect to shift direction. (b-d) Mean * standard deviations in com-
ponent-wise Green-Lagrange strain error as a function of in-plane angle. Increasing amount
of shift leads to anincreased error in displacement field (a). Radial and circumferential strain
errors show the dependency on in-plane angle, especially for the maximum amount of shift,
16 mm. The shifts are applied at a = 0°, oo = 180° and o. = 360°, shown with the green arrows
on top (b, c). (d) Longitudinal component is insensitive to any shift.

For any kind of shift, we expect the maximum error to occur in the direction of the shift, where
the tag lines are blurred. Hence, for IP shift (Figure 5.11), the errors are plotted with respect

to a change in in-plane angle, a,, where the shift is applied at o = 0°, o = 180° and o = 360°,
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shown with the green arrows on Figure 5.11b, c. For both the displacement (Figure 5.11a) and
strain components (Figures 5.11b, ¢c), maximum errors are observed for the largest amount of
shift, +6 mm (shown by the red curves). When the image stacks are shifted in-plane, the small-
est error is found in opposing sectors orthogonal to the direction of the shift. Hence, we ob-
serve some kind of periodicity in the distribution of radial (Figure 5.11b) and circumferential
(Figure 5.11c) strain errors as a function of sector position, while the longitudinal component

(Figure 5.11d) remains insensitive.
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Figure 5.12. Effect of through-plane shift on regional motion quantification. Results on im-
ages with anisotropic pixel size 3.5x7.0x7.0 mm3 and SNR 20 for 7 mm tag distance. For all
the plots, colour code shows the amount through-plane shift ranging from £0 mm to £6 mm.
(a) Mean * standard deviation in normalized displacement error (%) plotted as a function of
normalized longitudinal position. (b-d) Mean £ standard deviations in component-wise
Green-Lagrange strain error as a function of normalized longitudinal position. Increasing
amount of shift leads to an increased error in displacement field. Radial strain error in-
creases towards the base and apex, especially for the maximum amount of shift, £6 mm,
while (c) circumferential and (d) longitudinal components are insensitive to any shift.
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The effect of TP shift (Figure 5.12), however, is better observed in the longitudinal direction.
For TP shift, we expect to see more error towards base and apex where the tag information is
lost due to shifting in the longitudinal direction. For the maximum amount of shift (6 mm),
the displacement and radial strain error get larger towards the apex and base compared to
lower amounts of shift. Circumferential (Figure 5.12c) and longitudinal (Figure 5.12d) strain

errors are less sensitive to TP shift.
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Chapter 6
Quantification of Left Ventricular Strain and
Torsion by Joint Analysis of 3D Tagging and

Cine MR Images®

6.1. Introduction

CMR is considered the reference standard for the assessment of healthy and diseased
myocardium [Alfakih et al., 2004]. Quantification of global cardiac function is widely
performed based on LVEF, stroke volume, or myocardial thickness. Despite their common
usage for the assessment of cardiac performance, relying on global measures alone may result
in misinterpretation of cardiac performance [Abraham & Nishimura, 2001]. Compared to
global contractile properties, regional changes have been found to serve better for diagnosis
and early intervention in many cardiac diseases [Sutherland et al., 1994; Nagueh et al., 2001;
Ibrahim, 2011; Ng et al., 2011]. Among them, IHD is known to cause local dysfunctions of the
heart wall while global functional measures remain insensitive to the location and severity of
the infarction [Friedberg & Mertens, 2009; Collins, 2015]. Moreover, regional changes in
cardiac function are proposed to be a strong indicator of both HCM) (Huang et al., 2017; Serri
et al., 2006; Smiseth et al., 2016) and heart failure with preserved LVEF [Hasselberg et al.,
2015; Smiseth et al., 2016].

Cine CMR has become one of the clinical work horses to assess the global functional
parameters such as ventricular volumes, LVEF and mass [Castillo et al., 2003]. It provides
excellent temporal [Barkhausen et al., 2001; Plein et al., 2001] and spatial resolutions, with a
higher SNR and tissue contrast than other imaging modalities [Barkhausen et al., 2001; Pereles
et al., 2001]. However, material point tracking from cine CMR is challenging due to the lack of

contrast within the myocardium [Wu et al., 2014]. Beyond cine imaging, CMR tagging has been

5 Manuscript under revision
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introduced to quantify local deformation measures, e.g., strain and torsion [Rademakers &
Bogaert, 1997; Stuber et al., 1999] by introducing the non-invasive physical markers on the
myocardium [Zerhouni et al., 1988], which is followed by a more efficient and fast technique,
SPAMM [Axel & Dougherty, 1989a]. The tag fading problem inherent to SPAMM was solved
introducing CSPAMM [Fischer et al., 1993], which was later added the capability to track 3D
deformation of the heart with the slice-following CSPAMM [Fischer et al., 1994]. More recent
improvements in 3D tagging techniques have been focused on the misregistration issues
related to multi-slice acquisitions and decreasing the acquisition time [Rutz et al., 2008; Stoeck
et al., 2012]. Other than cine and tagged MRI, DENSE allows for a direct visualization of
myocardial deformation encoded into the MR signal phase [Kim et al.,, 2004] and
demonstrated to allow the quantification of LV function both on animals [Haggerty et al.,

2013, 2014] and in the clinical setting [Bilchick et al., 2014].

Studies on the healthy human heart using CMR tagging have reported regional differences in
strain distribution [Young et al.,, 1994; Moore, Lugo-Olivieri, et al., 2000; Bogaert &
Rademakers, 2001]. Although CMR tagging provides regional deformation metrics, the
saturation bands generated in the image make it impossible to accurately delineate the
endocardial and epicardial borders [Makram et al., 2016]. Given its image quality, a robust
assessment of LV functional analysis remains challenging [Schrauben et al., 2018]. Therefore,
the patient needs to be scanned separately for the cine and tagged CMR, increasing both the
scan time and number of breath-holds [Schrauben et al., 2018]. Alternative methods to CMR
tagging such as CMR-FT [Hor et al., 2011] were developed to speed up the existing techniques
for clinical feasibility. CMR-FT is similar to speckle tracking echocardiography [Bohs et al.,
2000] in terms of its dependence on tracking epicardial and endocardial borders and has been
validated against tagged HARP analysis for the assessment of peak average circumferential
myocardial strain [Hor et al., 2010] and used in diagnosing cardiac disorders [Hor et al., 2010;
Schuster, Paul, et al., 2013]. However, radial strain obtained from this method is not satisfying
[Padiyath et al., 2013]. Limited to 2D acquisitions [Schuster et al., 2011], strain measurements
obtained from CMR- FT techniques are dependent on the delineation of the endocardial and
epicardial contours by the user, leading to limited inter-study reproducibility [Morton et al.,
2012] and intra-observer reproducibility [Schuster, Morton, et al., 2013]. Among other strain

components, only the GCS agrees with CMR tagging results [Cowan et al., 2015]. However, the
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segmental differences cannot be characterized unless tagging is utilized [Augustine et al.,

2013; Cowan et al., 2015].

The finite element model (FEM)-based registration technique used in this study has already
been tested and validated both on in vivo [Genet et al., 2018] and synthetic MR images
[Berberoglu et al., 2019], and also for the LV torsion quantification in case of impaired LV
function [Castellanos et al., 2021]. We further demonstrated that limitations of radial strain
quantification from 3DTAG images can be related to limited spatial resolution and SNR
[Berberoglu et al., 2021]. Therefore, we propose an alternative way to improving strain
quantification from 3DTAG data here based on joint analysis of cine and tagged CMR to
combine the advantages of 3DTAG and cine MR images. The manuscript is organized as
follows. We first describe the image dataset and the FEM-based image registration technique
in Section 2. Section 3 outlines the analysis results. After a detailed discussion in Section 4,

Section 5 concludes with some important remarks.

6.2. Materials and Methods

In this section, we first describe the image datasets used in this study and the FEM-based
image registration technique is later summarized. Next, the processing pipeline to couple cine
and tagged images is explained. The section concludes with the introduction of metrics used
to assess the performance of joint analysis of cine and tagged CMR data, which is referred to

as m3DTAG hereafter.

6.2.1. Image Acquisition and Preprocessing

Two datasets are used to demonstrate the performance of the proposed m3DTAG image
registration technique. The first one includes 32 image sets retrospectively selected from our
previous porcine study [Stoeck et al., 2021]. In brief, imaging was performed on a 1.5T clinical
Philips Achieva MR system (32-channel cardiac receiver array). All animal handling procedures
and protocols were approved by the Cantonal Veterinary Office (Zurich, Switzerland). The
imaging protocol consisted of multi-slice cine CMR in short-axis view with the following

parameters: 1.8x1.8 mm? spatial resolution, 8 mm slice thickness, 25 heart phases, 1.5ms/3ms
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TE/TR as well as 3D tagged imaging [Rutz et al., 2008] acquiring three stacks with orthogonal
CSPAMM [Fischer et al., 1993] using the following imaging parameters: 2x2x5 mm? spatial
resolution,110x110x110 mm?3 field-of-view, 26 heart phases, 4mm tagline distance,

4.3ms/9.2ms TE/TR, turbo factor 3, echo planar imaging factor 7.

The second dataset consists of volunteer data from the Cardiac Motion Analysis Challenge
[Tobon-Gomez et al., 2013], which is publicly available. The dataset includes cine and 3DTAG
images of healthy volunteers. In this study, we excluded five of the volunteers (V4, V5, V7, V8,
and V11) due to poor image segmentation quality or slice inter breath-hold misalignment. For
both the porcine and human datasets, cine and 3DTAG images were normalized to their
maximum pixel intensity and spatially resampled by Lanczos interpolation to obtain an

isotropic pixel size using MeVisLab®.

6.2.2. FEM-based Image Registration

Though the image coupling strategy described in Section 2.3 is mostly independent from the
choice of image registration technique, we now briefly describe the FEM-based image
registration technique used in this study, which was detailed in [Genet et al., 2018]. It requires
an initial volume mesh that matches the heart phase from which the registration starts. To
this end, LV geometries were obtained from the manual segmentation of the porcine dataset,
based on the cine images at ES using MeVisLab. Segmentation was performed both on the
short-axis and long-axis views. The resulting surface meshes were converted into volume
meshes using first-order finite elements using GMSH [Geuzaine & Remacle, 2009]. The local
transmural, circumferential and longitudinal directions were assigned to each node and
element on the LV mesh with respect to the centroid using the normalized pseudo-prolate
spheroidal coordinate system [Genet et al., 2014, 2015]. For the human dataset, the LV
geometries at ED frames were readily available along with cine and 3DTAG images. In
accordance to the previous studies, we run the registration algorithm for the regularization
strength 3 = 0.1, which has been found to be a near-optimal value for a wide range of images
[Genetetal., 2018; L. C. Lee & Genet, 2019]. For the registration of cine, 3DTAG and m3DTAG

images, performed using the FE method, the LV meshes were extruded by an extra layer of

5 http://www.mevislab.de
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elements with a thickness ranging from 2 to 3 mm around the ventricle, referred to as
boundary layer, generated using GMSH. FEM-based image registration utilized in this study is
based on the pixel intensities within the mesh, therefore, an accurate tracking of an interface
requires inclusion of pixels on both sides, which is solved for the epicardium by adding the
boundary layer. Therefore, the purpose of the boundary layer is solely to improve the image
registration performance and it is not considered for the strain computation [Genet et al.,

2018].

For image registration, a continuum formulation and the discretization technique using the FE
method is introduced. I and I; denote the scalar intensity fields for the images representing
the object in the reference, (), and current, (), configurations, respectively. Between these
two configurations, we can define a deformation map that translates the reference points
X € O, onto their spatial counterpartsx = ®(X) = X + U(X) € Q,, through the displacement
field, U. The registration problem is to find the displacement field between )y and Q.. The
task is intrinsically ill-posed due the presence of image noise. Hence, the problem is

reformulated as a minimization problem:

find U = argmin { h = (1 — B)¥™ + pwres}, (6.1)

weighted by regularization strength 3, the image similarity metric,

. 1 2
LlJlm = E ”It o <IJ - IO”LZ(QO)' (62)

and the regularization energy

1 2
Yres = E ||dlv(o-)||L2(Qt)' (6.3)

where o is the Cauchy stress tensor. This registration technique has its novelty in utilizing a
continuum finite strain formulation of the equilibrium gap principle introduced in [Claire et
al., 2004], readily discretizable with standard finite elements. The main advantage of utilizing
the equilibrated warping is that it enforces strong mechanical sense to the displacement field
without imposing any constraint on the strain magnitude and depends solely on the balance
of mechanical equilibrium. The use of finite elements also provides geometrical regularization

through the FE mesh.
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The classical Ciarlet-Geymonat potential is used to model the strain energy potential

po b = 5 (12 =1 =) + 5 (Ic = 3 - 2In(D), (64)

in terms of bulk and shear modulus, k and y, and the volume map, ] = Det(F). The right
Cauchy-Green deformation tensor is represented by C = FTF, while I = Tr(C). The
variational formulation of Equation 6.1 is obtained by following the general FE procedure,
which is then linearized and discretized using standard continuous Lagrange elements. One
can refer to [Genet et al., 2018] for more details on the formulation and solution procedure.
The method is implemented based on FEniCS’ and VTK libraries, and freely available as a

Python library?.

6.2.3. Coupling SSFP and 3DTAG Images

Figure 6.1 illustrates the pipeline to generate m3DTAG images. First, FEM-based image

registration is performed on standard multi-slice balanced SSFP images (Figure 6.1a).

In order to mask the tagged images, the resulting displacement fields are linearly interpolated

in time to match the temporal resolution of 3DTAG images according to:

dm = dr + (dn+1 _an ) (tr3nDTAG - tISISFP)
AG — SS SS SS i
3DT. FP FP FP (tISI;_P:-lP _ tISISFP) (65)

with t3sgp and thdds corresponding to the acquired heart phases of the bSSFP acquisition and
dsrp and d2dgp being the corresponding displacement fields. The initial reference mesh is
mapped onto the 3DTAG images using the DICOM header information of slice position and
angulation and subsequently warped using the interpolated displacement fields (Figure 6.1b).
Finally, 3DTAG images are masked using the meshes at each time frame and a background
intensity is assigned to the masked region. The background intensity value, denoted v, is
defined as the average of the 95th percentile of the image intensities, considering only the
voxels covered by the LV wall. It represents the unique parameter of the coupling strategy,

anditsimpact on the m3DTAG tracking is thoroughly studied in Section 3.1. The corresponding

7 https://www.fenicsproject.org
8 https://gitlab.inria.fr/mgenet/dolfin_warp
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short-axis and long-axis views after masking are shown in Figure 6.1c and Figure 6.1d,

respectively. m3DTAG image registration is then performed.

o

t=0ms t=158 ms t=315ms t=502 ms t=703 ms

1

o

t=75ms t=234ms t=407 ms t=607 ms

Figure 6.1. m3DTAG image generation pipeline. (a) Mesh configurations obtained from SSFP
image registration, which are translated into 3DTAG image coordinates and interpolated in
time to match the acquisition time for 3DTAG images, shown in (b) superimposed with
3DTAG images. m3DTAG images on (c) short-axis, and (d) long-axis views, respectively.
Masking is performed by keeping the tag line pattern inside the mesh, while the rest of the
image intensity (background intensity) is assigned to a constant value.

6.2.4. Metrics Used to Assess m3DTAG Image Registration Performance

FEM-based image registration is performed separately on SSFP, 3DTAG, and m3DTAG images.
Performance of m3DTAG image registration is assessed for varying background intensities in
terms of two deformation metrics. First the mean + standard deviation of the Green-Lagrange
strain error is reported. For this purpose, we define the component-wise Green-Lagrange

strain error at ES with respect to ED:

el = st — slepp, (6.6)

where e is the strain error in s!, that is the scalar strain value for component s over element

i. Reference strains are obtained from SSFP images and represented by sicpp. ES Green-
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Lagrange strains are rotated in local pseudo-prolate spheroidal coordinates, and represented
by the radial, circumferential, and longitudinal components. In this study, we utilized the P1
elements such that the strain is constant over each element. Therefore, the strain analysis was
performed at the element level. The mean (e,,z) and standard deviation (esq) in el are
computed across the elements of a mid LV section for both the 3DTAG and m3DTAG images.
For m3DTAG image registration, we compute the averaged e,y and egq Over porcine/human

datasets for a given background intensity.

The second performance metric is the mean  standard deviation in maximum LV twist error.

We first define the LV twist, CDlmg, as the difference in rotations averaged through apical,

o™, and basal regions, ajpe>®, for img = 3DTAG, SSFP, m3DTAG at time frame t. The error
in LV twist, elmg, is computed with respect to the 3DTAG image registration,
t _ tapex t,base
cblmg aimg + aimg ) (6.7)

eflr)ng = maX|cD1mg| + max|P3pracl,

(6.8)

where maX|CDlmg| is the maximum LV twist over time. The mean (e2 ) and standard

avg,img

deviation (e&4 jimg) IN elmg are computed across LV for SSFP and m3DTAG images. For a given
background intensity, e avg img and e di img are averaged over the porcine/human datasets for
the m3DTAG image analysis. We further computed the averaged normalized absolute error

(%) in LV twist, @gp 4yg, and strain components, €err avg:

— 1 Ncase | 1mg 0
(Derr,avg - Ncase Z maXlCD DTAGl 100 (/0), (69)
Ncase \/ZNel Sj’i 2
e Z 100 (%), (
o avg case InaXISSSFP I

where sm3DTAG and sSSFP are the scalar strain values for m3DTAG and SSFP registrations for

the jth porcine/human dataset and i™" mesh element, respectively. N is the total number of
elements in the mesh and N, denotes the number of porcine/human datasets over which

the normalized absolute error (%) is computed.
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In order to compare the m3DTAG registration to the previous tracking challenge [Tobon-
Gomez et al., 2013], we compute the normalized markers error, err, using the landmarks
tracked by two observers on 3DTAG data and as published in [Tobon-Gomez et al., 2013],

using following formula:

Nmarkers n
1 e ) SO EP SRH O]
= — , 6.11
err N arkers mz=1 Z'Iclirlames ||Xm,GT (t + 1) — Xm,GT (t)' ( )

where Nnyarkers aNd Ngames denote the number of valid markers within the mesh in the
undeformed configuration and the number of time frames, respectively. Xm'GT(f) stands for
the reference/ground truth position of marker m while X™(t) is the tracked position at frame

t.

6.3. Results

6.3.1. Analysis of Method Parameters

Figure 6.2 shows the mean * standard deviations in maximum LV twist error (Figure 6.2a) and
component-wise ES Green-Lagrange strain errors (Figure 6.2b-d) as a function of background
intensity normalized by the 95th percentile of the image intensity. The performance
assessment of LV twist quantification is performed relative to the results of 3DTAG image
registration. The green region in Figure 6.2a represents the error range in SSFP registration,
which is -7.08 + 3.65 and the red curve indicates for the mean + standard deviation in LV twist
error for m3DTAG registration. m3DTAG images perform better in terms of LV twist
quantification in comparison to SSFP images for y < 1.6, having the smallest error, -0.03 +

0.82, wheny = 0.4.

For strain, SSFP registration is considered the reference. The mean + standard deviation in
radial strain error (Figure 6.2b) is 0.46 + 0.26 for 3DTAG images, represented by the blue
region, while the red curve stands for the error in m3DTAG registration. For y > 1.05,
m3DTAG images yield less error than 3DTAG images and perform close to SSFP registration

for y €[1.6,2.0]. 3DTAG and m3DTAG registrations perform almost equally well for the
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circumferential (Figure 6.2c) and longitudinal (Figure 6.2d) strain quantification and the results

are not sensitive to a change in background intensity.
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Figure 6.2. Effect of image background intensity on LV twist and strain error after masking
of 3DTAG images. (a) Mean * standard deviation in LV twist error with respect to 3DTAG
image registration, which is assumed to be the reference for the LV twist error computation.
Red curve represents the error in m3DTAG registration. Green region represents the error
in SSFP images, with the mean value shown by the green dotted line. Higher levels of back-
ground intensity results in larger errors in LV twist similar to SSFP. (b) Mean * standard de-
viation in radial strain error with respect to SSFP registration, which yields the reference
strains for the strain error computation. Red curve represents the error in m3DTAG regis-
tration. Blue region represents the error in 3DTAG registration, with the mean value shown
by the blue dotted line. For higher levels of background intensity, there is a decrease in error
as m3DTAG tracking performs closer to SSFP tracking. The errors in (c) circumferential and
(d) longitudinal strains (shown by the red lines for m3DTAG registration) are insensitive to
a change in background intensity.

In order to determine the “optimal” background intensity, y*, at which LV twist and radial
strain are captured equally well, Figure 6.3 shows the averaged normalized absolute error (%)
in LV twist (defined by Equation 6.9), and Green-Lagrange strain components (defined by
Equation 6.10). The radial strain and the twist error depend on the background intensity while
the circumferential and longitudinal strains remain insensitive. In principle, one can relate the

optimal background intensity with the image signal only, independent of the scaling used.
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Based on the summation of errors in radial strain and twist, an “optimal” value is found at the

minimum of 37.2 %, for y* = 1.13.
70

radial twist
circumferential twist+radial
60 - longitudinal

Averaged normalized absolute error (%)

| | |
0 0.4 0.8 1.2 1.6 2.0 2.4
Normalized background intensity

I"

Figure 6.3. Determination of “optimal” image background intensity for m3DTAG analysis of
porcine data. Averaged normalized absolute error (%) is plotted for LV twist, and Green-
Lagrange strain components. LV twist and the radial strain are the two metrics that signifi-
cantly vary with respect to image background intensity while the circumferential and longi-
tudinal components remain insensitive. The summation of errors in twist and radial strain
yields the optimal background intensity of 1.13, minimizing errors in these two metrics.

6.3.2. Method Validation

After assigning the optimal background intensity, the joint registration technique presented
in this paper is validated against the benchmark data of the Cardiac Motion Analysis Challenge
[Tobon-Gomez et al., 2013]. The performance of the image tracking algorithms was assessed
relative to the manually tracked landmarks over 3DTAG images by two observers. Figure 6.4
shows the normalized marker errors computed using Equation 6.11 for all datasets from the
challenge, for SSFP, 3DTAG and m3DTAG images (for y* = 1.13). Figure 6.4 shows the mean
and standard deviation in normalized marker errors across all volunteers (separated by the
dashed line) for FEM-based registration using SSFP, 3DTAG, and m3DTAG images as well as
the challenge competitors: Fraunhofer MEVIS (MEVIS), Bremen, Germany; Imperial College

London — University College London (IUCL), UK; Universitat Pompeu Fabra (UPF), Barcelona,
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Spain; Inria-Asclepios project (INRIA), France. m3DTAG image registration yields a normalized
markers error of 1.39 + 0.93. In case of SSFP image registration, it is 2.60 + 0.64, 3.04 £ 0.64
and 2.48 *+ 0.54 for FEM-based registration, INRIA, and UPF, respectively. The normalized
markers errors for 3DTAG image registration are 0.76 £ 0.33, 0.82 £ 0.31, 0.68 + 0.23, 0.99 +
0.56 and 0.80 + 0.25 for FEM-based registration, INRIA, UPF, IUCL, and MEVIS, respectively.
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Figure 6.4. Validation of m3DTAG registration using Cardiac Motion Challenge data. Normal-
ized markers errors for FEM-based registration using SSFP, 3DTAG, and m3DTAG images are
represented by the blue, red, and green bar plots, respectively. The markers errors for other
competitors (INRIA, UPF, IUCL and MEVIS) in the challenge are represented on top of the
related bar plots. The average (AVG) and standard deviation (STD) in markers errors over all
volunteers are separated by the dashed line. FEM-based registration performs well for all
types of images, staying in the same normalized markers error range for the other groups.

6.3.3. Left Ventricular Strain and Twist Quantification

In Figure 6.5, we plotted the maximum LV twist for SSFP, 3DTAG and m3DTAG image
registrations, using y* for each porcine dataset. The mean + standard deviation (AVG) over all
porcine datasets is represented by the first group of bar plots and the rest stands for the
individual cases included in this study. On average, maximum LV twist for 3DTAG image
registration is 11.05° + 3.34°, SSFP registration yields an average maximum LV twist of 3.97° =
2.04° while m3DTAG registration performs closer to 3DTAG registration with the LV twist
value of 9.23° £ 2.59°.

97



Quantification of LV Strain and Torsion by Joint Analysis of 3D Tagging and Cine MR Images

20

! e SSFP
[ 3DTAG
e m3DTAG

-
v
I

Maximum LV twist (in degrees)
7 7

AVG P1 P2 P3 P4 P5 P6 P7 P8 P9 P10P11P12P13P14P15P16P17 P18 P19P20P21 P22 P23 P24 P25P26 P27 P28 P29 P30 P31 P32
Cases

Figure 6.5. Maximum LV twist values for the porcine dataset. Blue, red, and green bars rep-
resent the max LV twists for SSFP, 3DTAG, and m3DTAG registrations, respectively. Mean *
standard deviation (AVG) in LV twist computed over all animals are separated by a dashed
line. m3DTAG registration performs closer to 3DTAG registration in terms of LV twist quan-
tification while SSFP yields comparably lower LV twist.

Figure 6.6 represents the ES Green-Lagrange strain components for SSFP, 3DTAG, and
m3DTAG image registrations. For each component, mean * standard deviation (AVG) in ES
Green-Lagrange strains over all porcine datasets is represented as the first group of bar plots
separated by a dashed line. The average ES radial strain for m3DTAG registration is 0.50 £ 0.20
while itis 0.20 £ 0.16 for 3DTAG and 0.65 *+ 0.22 for SSFP image registrations (Figure 6.6a). For
the circumferential component, all types of images perform equally: the average ES strains
are 0.14 £ 0.07, 0.14 + 0.05 and 0.14 *+ 0.07 for m3DTAG, 3DTAG and SSFP registrations,

respectively (Figure 6.6b).

The average longitudinal strains are 0.14 + 0.07, 0.13 + 0.05 and 0.17 £+ 0.04 for m3DTAG,
3DTAG and SSFP registrations, respectively (Figure 6.6c). The pairwise t-test between the
m3DTAG and SSFP registration yields the following p-values: p.. < 0.05, p.. = 0.05, p;; <
0.05and pp < 0.05, for radial, circumferential, longitudinal strain components, and the twist,
respectively. The p-values computed for m3DTAG and 3DTAG registrations are p,. < 0.05,
Pec = 0.73, pyp = 0.19 and pgp < 0.05.
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Figure 6.6. End-systolic Green-Lagrange strain components for the porcine dataset. Blue,
red, and green bars represent the results for SSFP, 3DTAG, and m3DTAG registrations, re-
spectively. (a) Radial, (b) circumferential and (c) longitudinal strains are represented both
for the averaged (AVG) values over all image sets (separated by a dashed line) and individual
cases. On average, m3DTAG registration performs closer to SSFP registration in terms of
radial strain quantification while circumferential and longitudinal strains are captured al-
most equally for any type of image.
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For the optimal background intensity, we performed Bland-Altman analysis to assess the
agreement between SSFP, 3DTAG and m3DTAG registrations in terms of maximum LV twist
and ES LV Green-Lagrange strain components, see Figure 6.7. For each plot, the 95%
agreement interval is shown by the solid lines and the corresponding mean value by the
dotted lines. Mean differences in max LV twist in SSFP and m3DTAG registrations with respect
to reference 3DTAG registration are 7.09° and -1.82°, respectively (Figure 6.7a). Mean
differencesin ES LV radial strainin 3DTAG and m3DTAG registrations with respect to reference

SSFP registration are -0.457 and -0.151, respectively (Figure 6.7b).
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Figure 6.7. Bland-Altman analysis to assess the agreement between SSFP, 3DTAG and
m3DTAG registrations for the optimal background intensity. The solid and dotted lines rep-
resent the 95% agreement interval and the mean difference, respectively, with the color
code represented by the legend. (a) Comparison of SSFP and m3DTAG registrations for max
LV twist assessment with respect to 3DTAG registration. The absolute mean of the differ-
ence between m3DTAG and 3DTAG is smaller than the one between SSFP and 3DTAG with
a smaller agreement interval. (b) Comparison of 3DTAG and m3DTAG registrations for radial
strain with respect to SSFP registration. m3DTAG registration underestimates the SSFP reg-
istration less than 3DTAG does with a relatively smaller agreement interval. For the (c) cir-
cumferential and (d) longitudinal components, both images yield similar errors with respect
to SSFP registration.
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For the circumferential component, 3DTAG and m3DTAG perform almost the same, with the
respective mean errors 0.00447 and 0.00328 (Figure 6.7c). The mean difference for longitudi-
nal component is slightly larger for 3DTAG and m3DTAG registrations; 0.0428 and 0.0341, re-

spectively (Figure 6.7d).

Following the same approach as in the porcine data analysis, we run the registration algorithm
on each image type; SSFP, 3DTAG, and m3DTAG for the Cardiac Motion Analysis Challenge
data [Tobon-Gomez et al., 2013]. Figure 6.8 shows the analysis results in terms of the
maximum LV twist (Figure 6.8a) and the component-wise ES Green-Lagrange strains (Figure
6.8b-d). The mean and standard deviation (AVG) in LV twist over all the volunteers included
in this study are 1.80° £ 1.31°, 12.5° £ 2.72° and 11.87° + 3.79° for SSFP, 3DTAG and m3DTAG
registrations, respectively, and separated by a dashed line (Figure 6.8a). The averaged values
(AVG) for all strain components are represented by the first group of bar plots (Figure 6.8b-
d). The averaged ES radial strains are 0.17 £ 0.15, -0.02 + 0.10 and 0.16 + 0.18 for SSFP, 3DTAG
and m3DTAG images, respectively. SSFP and m3DTAG images performed equally well although
3DTAG registration yields negative radial strain. The averaged ES circumferential strains are
0.15+0.06,0.15 £ 0.07 and 0.14 £ 0.08 while the longitudinal ones are 0.14 £ 0.07, 0.14 £ 0.06
and 0.12 + 0.09 for SSFP, 3DTAG and m3DTAG registrations, respectively. The pairwise t-test
between the m3DTAG and SSFP registration yields the following p-values for the strain
components and the twist: p.. = 0.74, p.c = 0.47, p;; = 0.44 and pg < 0.05 while they are
Prr < 0.05, pcc = 0.35, py = 0.23 and pg = 0.48 when m3DTAG and 3DTAG registrations

are compared.

6.4. Discussion

In this study, we have proposed to combine the advantageous features of two imaging
modalities: cine and 3DTAG CMR. This technique allowed us to obtain the global shape
information from the cine MR images while the regional deformation is acquired from the

tagged data.

The performance of the m3DTAG registration and the acquired myocardial deformation

measures are strongly dependent on the mask, and by that the way we temporally interpolate
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the displacement fields from SSFP registration. The linear interpolation scheme utilized here
could be improved by using higher order temporal functions to get a more accurate

deformation estimate.
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Figure 6.8. Results on Cardiac Motion Analysis Challenge data. Blue, red, and green bars
represent SSFP, 3DTAG, and m3DTAG registrations, respectively. (a) Maximum LV twist plot-
ted for each volunteer with the average (AVG) over all volunteers (separated by a dashed
line) included in the study. m3DTAG registration performs closer to 3DTAG registration in
terms of LV twist quantification while SSFP yields comparably lower LV twist. End-systolic
(b) radial, (c) circumferential and (d) longitudinal strains are also represented for each vol-
unteer with the averaged values (AVG) over all volunteers separated by a dashed line. In
terms of radial strain quantification, compared to 3DTAG registration, there is a significant
improvement on average when m3DTAG images are used. For the circumferential and lon-
gitudinal strains, SSFP and 3DTAG perform equally while m3DTAG images slightly underes-
timate the average values.

The error as function of background intensities for these LV twist and Green-Lagrange ES strain
reveals that m3DTAG registration performs similar to SSFP registration as image background
intensity gets closer to the limits of the intensity range utilized, which can be explained with
the higher image contrast between LV wall and the image background. Likewise, assigning

image background intensity values close to average image intensity results in a decrease in
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image contrast around LV wall, hence, the m3DTAG registration performs closer to 3DTAG
registration. Although we have observed a clear change in LV twist and radial strain errors for
varying image background intensity, the errors in circumferential and longitudinal strain
components stayed in the same range as SSFP image tracking error. Therefore, we defined the

III

“optimal” image background intensity using the summation of normalized absolute error (%)
in LV twist and radial strain component. The FEM-based image registration technique utilized
here can be further improved by applying different weighting terms for the errors related to
cine and 3DTAG registrations owing to the reverse trend in the change in LV twist and radial

strain errors for varying image background intensity.

After determining the optimal background intensity, we first validated our joint analysis
technique on the Cardiac Motion Tracking Challenge data [Tobon-Gomez et al., 2013] before
presenting the strain and twist analysis results. The markers error computation is based on
the manually tracked landmarks over 3DTAG. It was previously shown that FEM-based
registration performs quite satisfactory in terms of markers errors for SSFP and 3DTAG image
analysis [Genet et al., 2018]. For all the cases, except V15, m3DTAG registration performs
better than SSFP images in terms of markers error while it is slightly worse than 3DTAG images
for most of the cases. The averaged errors presented by the first two groups of bar plots in
Figure 6.4 reveal that markers error for m3DTAG registration stays in the error range that the
challenge contributors have, proving the performance of our joint analysis technique.
Nevertheless, it is interesting to see that the markers error is generally larger with m3DTAG
compared to 3DTAG, despite radial strains appearing in a more physiological range. For
instance, for volunteers V15 and V16, 3DTAG yields lower markers error than m3DTAG while
producing negative radial strain whereas strains obtained from m3DTAG are more
physiological. One reason may be that the markers were manually positioned on the images
for the challenge, which contain a bias due to low resolution and SNR as established in
[Berberoglu et al., 2021]. Consequently, these markers might not provide accurate ground

truth for the actual tissue motion.

The combined approach of m3DTAG registration leverages the lack of capability to track LV
twist of SSFP registration and outperforms 3DTAG image registration in the assessment of

radial strain. In terms of circumferential and longitudinal strain components, we do not
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observe a significant difference for any image type. We performed the same study on human
dataset, and analyzed maximum LV twist and ES strain components for SSFP, 3DTAG and
m3DTAG registrations, and observed the same trend in both performance metrics. We further
performed pairwise t-test on m3DTAG images in comparison to SSFP and 3DTAG, for both the
porcine and human datasets to find out if the difference between registration results is
systematic or random. For both porcine and human datasets, we did not observe a statistically
significant difference for circumferential and longitudinal strain components, as expected. For
the porcine data, we found statistically significant differences in radial strain component both
for the SSFP and 3DTAG registrations in comparison to m3DTAG, which can be related to the
shift between the means of two datasets. The bias in radial strain estimation is systematic and
can be attributed to the tracking method itself. Although for the volunteer dataset, we have
higher p-values for the radial strain, it does not mean that there is no bias in the analysis
results; this might be due to the random error component caused by the variational slice

misalignment.

In order to investigate the agreement between SSFP, 3DTAG and m3DTAG registrations, we
performed a Bland-Altman analysis for the porcine dataset, using the optimal background
intensity. Similar to Figure 6.2, m3DTAG performance was assessed for LV twist and strain
guantification with respect to 3DTAG and SSFP registration, respectively. In terms of the
circumferential and longitudinal strain components, the mean differences obtained from
comparing m3DTAG and 3DTAG with SSFP are close to each other, that supports our findings
stated above. For LV twist, however, m3DTAG registration yields a mean difference closer to
zero and smaller than 3DTAG registration. The superiority of m3DTAG registration over 3DTAG

for the radial strain quantification is shown by a smaller absolute mean error.

Regarding the human datasets, it appears that quite low ES radial strain is measured even for
SSFP images, that might have several underlying reasons: The FEM-based image registration
technique is dependent on the segmentation and the image quality. The tracking performance
drastically decreases in case the segmentation covers structures other than the ventricular
wall. As mentioned in Section 2.1, we had to exclude five volunteer datasets due to slice
misalignment. Moreover, the performance of m3DTAG registration in capturing the global

shape information is correlated with SSFP registration. Any improper SSFP registration results
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in masking inaccurately of 3DTAG images, potentially including the structures outside the
ventricle. Hence, m3DTAG registration performance decreases drastically if SSFP registration
is not good enough. Despite the low radial strains from SSFP and m3DTAG registrations found
in the human datasets, we still make the point; the m3DTAG images yield better radial strain
estimation compared to 3DTAG only while being superior to SSFP registration in terms of twist

quantification.

In order to improve the cardiac motion quantification, several techniques have been proposed
to combine the tagged and untagged images [Shi et al., 2012; Tobon-Gomez et al., 2013].
Recent studies on this area focus on the improvement of current techniques that allow for the
quantification of the regional and global ventricular properties on a single scan, e.g., SubTag
SSFP [Schrauben et al., 2018]. This method allows for combining the assessment of both the
ventricular function and more accurate regional strain in a single scan, although it still suffers

from assessing the segmental heterogeneity in strain distribution.

6.5. Conclusion

This study shows that combined processing of cine and 3DTAG images provides better
guantification of LV deformation as either data source alone. m3DTAG images yield better
radial strain estimation compared to 3DTAG only while being superior to SSFP registration in
terms of twist quantification. Moreover, performance of the FEM-based image registration on
m3DTAG images is comparable to the benchmark techniques in terms of manually tracked

markers error while yielding more physiological myocardial deformation measures.
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Chapter 7

Discussion and Outlook

In this thesis, we have performed a detailed analysis of LV deformation quantification from
3D tagging and cine CMR. We investigated the impact of tag distance, image resolution, and
SNR on strain quantification from tagged CMR and proposed a combined image registration
method of cine and tagged CMR for a more accurate quantification of myocardial
deformation. The research results presented here are important to obtain robust LV radial
strain and rotation estimation both from the image acquisition and post-processing

perspectives.

7.1. Discussion

Non-invasive assessment of myocardial function is commonly performed by echocardiography
and cardiac magnetic resonance in clinical cardiology. Although echocardiogram performs su-
perior to MRI in terms of its cost-effectiveness, near real-time scanning capabilities, and the
fast image post-processing tools, MRI has been gaining popularity with the recent advances in
reducing the scan time [Piccini et al., 2012; Vincenti et al., 2014] and respiratory motion arti-
facts [Stehning et al., 2005]. Moreover, MRI provides a more accurate functional assessment
due to its excellent spatial resolution while characterizing several aspects of the heart, e.g.,
cardiac structure and function, perfusion, viability. Today, MRI has a wide range of applica-
tions in the clinical setting, allowing for a non-invasive assessment of cardiac function. It has
been the method of choice to evaluate cardiac dysfunctions, including congenital heart dis-
eases [Gutiérrez et al., 2008], cardiomyopathies [Nelson et al., 2000; Edvardsen et al., 2006]

and ischemic heart disease [Kelle & Nagel, 2008].

Accurate quantification of myocardial deformation metrics, strain, and torsion, holds the po-
tential for a more comprehensive characterization of regional myocardial function. Besides its

diagnostic and prognostic utility, strain can be used as a clinical biomarker for the follow-up
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of patients due to its sensitivity to subtle alterations in cardiac function [Voigt & Cvijic, 2019].
Moreover, it might be actively used in the clinical setting for therapy planning of patients who
receive CRT or heart transplantation. Cine and tagged CMR sequences are commonly used to
assess myocardial deformation, having their own advantageous features. Cine CMR is the rou-
tine imaging technique for the assessment of global functional parameters while tagged CMR
allows for a more regional characterization. The tracking performance on tagged CMR, espe-
cially the radial strain assessment, is highly affected by the image quality. In addition to the
limited number of tags in radial direction, low temporal resolution and the decreased quality
of tagged CMR due to the tag fading problem [Shi et al., 2012] remain the main limitations for
accurate motion quantification. Moreover, the tag lines generated in the myocardium hamper
the detection of the myocardial borders for an accurate functional analysis. Although cine
CMR allows for reliable segmentation of epicardial and endocardial borders, thereby, more
accurate assessment of radial deformation, the lack of features within the myocardial wall

limits the assessment of regional distributions of deformation metrics [Augustine et al., 2013].

In the first part of the thesis, we validated [Berberoglu et al., 2019] a recently proposed FEM-
based image tracking technique that includes mechanical regularization [Genet et al., 2018].
We further investigated the effects of image properties on motion tracking performance using
synthetic LV tagged CMR [Berberoglu et al., 2021]. The analysis results reveal several findings,
especially on the challenges of radial strain quantification. For individual and combined
changes in tag distance, image resolution, or SNR, we could acquire robust estimates of global
circumferential and GLS, which might explain their common usage for functional assessment
in clinical practice. The radial strain quantification, however, is compromised by the increased
image pixel size and decreased SNR on tagged CMR, which helped us to address a long-stand-
ing debate. In order to achieve robust radial strain estimates, image resolution needs to be
improved significantly, although there is no doubt that investing in post-processing techniques
is also required for accurate and fast myocardial deformation analysis. Higher spatial resolu-
tion imaging is, however, limited by the hardware-related factors and can only be achieved at
the cost of increased scan times [Yuhua Chen et al., 2018]. In the future, advancements in
CMR hardware, encoding, and reconstruction strategies will help optimize the acquired image

guality in terms of image resolution and SNR.
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At this point, image fusion strategies play an important role in compensating for the limita-
tions of cine and tagged CMR [Shi et al., 2012; Schrauben et al., 2018]. In this respect, the
second part of the thesis focuses on improving cardiac motion estimation by combining the
advantageous features of cine and tagged CMR. The performance of a combined registration
technique was assessed in terms of maximum LV twist error and Green-Lagrange ES strain
error with respect to separate cine and tagged CMR image registrations. To validate our com-
bined registration technique, we have used the images and the tracking results from the Car-
diac Motion Tracking Challenge [Tobon-Gomez et al., 2013]. We have compared ES Green-
Lagrange strains and LV twist obtained from tagged, cine, and masked tagged CMR registra-
tions both on the porcine and volunteer datasets. Masked tagged CMR was superior to tagged
CMR in the radial strain quantification while the twist quantification was significantly im-
proved compared to cine CMR registration. All image types performed equally well for circum-
ferential and longitudinal strain quantification. This study stands as a systematic work, includ-
ing the validation and analysis of the tagged CMR registration technique, showing the im-
proved capability of LV strain and twist quantification when two imaging modalities are com-

bined.

Although myocardial strain is gaining popularity with the advances in image acquisition and
post-processing techniques, rigorous validation is required for its clinical acceptance as there
is significant variability among image processing techniques. At that point, ML-based methods
can be promising by offering an automated and user-independent way for motion quantifica-

tion, thereby, limiting the inter- and intra-observer variability.

7.2. Outlook

Referring to our research presented here, other than investing into image processing tech-
niques, the improvement should be made at the image acquisition stage for better image res-
olution to achieve more robust myocardial deformation estimates. In addition to the circum-
ferential and longitudinal strain components, radial strain quantification should also be
adopted into routine clinical examinations as it will certainly open a new perspective in as-
sessing the contractile properties of the myocardium before irreversible dysfunction devel-
ops. Advances in image acquisition and tagged motion analysis techniques will accelerate the

incorporation of local deformation metrics in clinical use, which will certainly reveal the clinical

108



Discussion

significance of radial strain and twist. Meanwhile, combined image analysis techniques are a

promising alternative to assess regional and global myocardial deformation.

ML-based approaches have been used for cardiac motion analysis [Leiner et al., 2019]. They
offer an automated way for accurate and efficient quantification of myocardial function and
integration of imaging and clinical data. Moreover, they provide an efficient way to reduce the
variability of CMR image post-processing approaches and robust techniques for feature ex-
traction, tracking, and deformation quantification [Shen et al., 2005]. Although the usage of
ML-based techniques is limited in the clinical setting for now, the research findings reveal their
power in mapping myocardial strain from tagged and cine CMR images. The main limitation
in the application of ML-based techniques is the need for a large set of training data and the
labeled datasets to learn the parameters. Especially for disease classification, the lack of image
datasets for rare diseases, or rare images of common diseases, e.g., congenital heart diseases

[Leiner et al., 2019], might result in misinterpretation of such clinical cases [Ker et al., 2017].
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0D: Zero Dimensional

3D: Three Dimensional

CMR: Cardiac Magnetic Resonance

CRT: Cardiac Resynchronization Therapy

CSPAMM:  Complementary SPAMM

CVD: Cardiovascular Disease

DENSE: Displacement encoding with stimulated echoes
ED: End-Diastolic

ES: End-Systolic

FE: Finite Element

FEM: Finite Element Model

FT: Feature Tracking

GCS: Global Circumferential Strain

GLS: Global Longitudinal Strain

HARP: HARmonic-Phase

HCM: Hypertrophic Cardiomyopathy

IHD: Ischemic Heart Disease

INRIA: Inria-Asclepios Project, France

IP: In-Plane

IUCL: Imperial College London — University College London, UK
LV: Left-Ventricular

LVEF: LV Ejection Fraction

MEVIS: Fraunhofer MEVIS, Bremen, Germany
Mil: Myocardial Infarction

ML: Machine Learning

MR: Magnetic Resonance

MRI: Magnetic Resonance Imaging

SinMod: Sine-Wave Modeling
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SNR: Signal-to-Noise Ratio
SPAMM: Spatial Modulation of Magnetization
SSFP: Steady State Free Precession

SubTag: Subtly-tagged

TP: Through-Plane
TPR: Tag distance to Pixel size Ratio
UPF: Universitat Pompeu Fabra, Barcelona, Spain
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