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Abstract Cardiovascular Magnetic Resonance of the Right Ventricle

ABSTRACT

Introduction: Whilst most of the attention has been devoted to the left ventricle in
cardiovascular disease, the right ventricle has been somewhat neglected. In the last decades,
there has been a renewal of interest in the right ventricle, in part driven by advances in

cardiovascular imaging.

Methods: Cardiovascular magnetic resonance is arguably the best imaging modality for the
study of the right ventricle. In this research thesis, cardiovascular magnetic resonance was
used as the primary research tool to assess the right ventricle in different conditions and

settings.

Results: This thesis encompasses five studies that have been published as peer-reviewed
articles. The results of these studies were the following: 1) Right ventricular dilatation and
dysfunction was found in a group of patients with Marfan syndrome, further supporting the
existence of a Marfan-related cardiomyopathy; 2) In thalassaemia major, right ventricular
volumes and ejection fraction differed from healthy controls, and new reference ranges based
on patients without iron overload were derived; 3) Myocardial iron loading in thalassaemia
major was associated with progressive right ventricular dysfunction; 4) Right ventricular
dysfunction due to myocardial siderosis was reversible with effective iron chelation therapy,
and; 5) In advanced heart failure, right ventricular function was a predictor of response and

outcomes in patients undergoing cardiac resynchronization therapy.

Conclusion: The right ventricle is an essential component of the circulatory system, and

should be more widely evaluated in patients with cardiopulmonary disease.



Table of contents

CHAPTER 1

CHAPTER 2

Cardiovascular Magnetic Resonance of the Right Ventricle

TABLE OF CONTENTS

SUMMARY AND OBJECTIVES

INTRODUCTION

THE RIGHT VENTRICLE

2.1 HISTORICAL BACKGROUND

2.2

2.3

2.4

2.5

ANATOMY

221 Location

2.2.2 Structure

2.2.3 Myofibre architecture

2.2.4  Distinctive anatomical features
PHYSIOLOGY

2.3.1  Embriology

2.3.2  Mechanics

2.3.3  Haemodynamics

2.3.4  Cardiodynamics

2.3.5 Ventricular interdependence
2.3.6  Perfusion

PATHOPHYSIOLOGY

241
2.4.2
2.4.3
244
245
2.4.6
2.4.7

Pressure overload

Volume overload

Ischaemia and infarction
Cardiomyopathies

Regulation of right ventricular function
Consequences of right ventricular failure
Arrhythmias and sudden death

IMAGING OF THE RIGHT VENTRICLE

251
2.5.2
2.5.3
254
2.5.5
2.5.6

Contrast angiography
Echocardiography
Nuclear imaging
Computed tomography
Magnetic resonance
Multimodality imaging

10
11

12
12
14
14
15
16
17

17
18
19
20
20
21
22
23

23
24
26
29
32
34
36



Table of contents Cardiovascular Magnetic Resonance of the Right Ventricle

CHAPTER 3 CARDIOVASCULAR MAGNETIC RESONANCE (CMR) 39
3.1 PRINCIPLES OF MAGNETIC RESONANCE IMAGING 39
3.1.1 Magnetic resonance system components 39

3.1.2  Origin of magnetic resonance signals 41
3.1.3 T1,T2and T2* relaxation 43
3.14 Magnetic resonance echoes 45
3.15 Image creation 46
3.1.6  Image formation 49
3.1.7 Image contrast 50

3.2 BASIC PULSE SEQUENCES 52
3.2.1 Spin echo sequences 52
3.2.2  Gradient echo sequences 53

3.3 CARDIOVASCULAR MAGNETIC RESONANCE 56
3.3.1  Synchronising with the cardiac cycle 56

3.3.2  Dealing with respiratory motion 57
3.3.3 Fast imaging techniques 57
3.3.4  Fast spin echo 59
3.3.5 Cine imaging 59
3.3.6  Perfusion imaging 61
3.3.7  Angiography 62

3.4 CLINICAL APPLICATIONS OF CMR 64
3.4.1  Volumes and function 64
3.4.2 Coronary artery disease 65
3.4.3  Cardiomyopathies 68
3.4.4  Valvular heart disease 72
3.4.5  Pericardial disease 73
3.4.6  Congenital heart disease 73
3.4.7  Cardiac masses 74
3.4.8  Greatvessels 74
3.4.9  Pulmonary hypertension 76
3.4.10 Limitations 77
3.4.11 Conclusions 77

METHODS

CHAPTER 4 METHODS 79



Table of contents Cardiovascular Magnetic Resonance of the Right Ventricle

4.1 RIGHT VENTRICULAR VOLUMES 80
4.2 FLOW MEASUREMENTS 87
4.3 T2* GRADIENT ECHO 91
4.4 LATE GADOLINIUM ENHANCEMENT 95
RESULTS

CHAPTER 5 EVIDENCE FOR MARFAN CARDIOMYOPATHY 100
5.1 ABSTRACT 100
5.2 INTRODUCTION 101
5.3 METHODS 102
5.3.1  Study population 102

5.3.2 Magnetic resonance 103

5.3.3 Ventricular volumes and mass 103

5.3.4  Aortic dimensions 104

5.3.5 Valve disease 105
5.3.6  Other parameters 105

5.3.7  Statistical analysis 106

5.4 RESULTS 106
5.4.1  Study population 106

5.4.2 Left ventricle 106

5.4.3  Right ventricle 109

544 Aorta 109

5.5.5 Valves 110

5.4.6 Medication 111

5.5 DISCUSSION 111
5.5.1 Left ventricle 112

5.5.2  Right ventricle 113

5.5.3 Aorta 114

5.5.4 Valves 114

5.5.5 Medication 115

5.5.6 Limitations 115



Table of contents Cardiovascular Magnetic Resonance of the Right Ventricle

5.6 CONCLUSION 116

CHAPTER 6 RELATION OF MYOCARDIAL T2* TO RIGHT VENTRICULAR FUNCTION IN 118
THALASSAEMIA MAJOR

6.1 ABSTRACT 118
6.2 INTRODUCTION 119
6.3 METHODS 120
6.3.1  Study population 120
6.3.2 Magnetic resonance 122
6.3.3  CMR analysis 122
6.3.4  Statistical analysis 123

6.4 RESULTS 125
6.5 DIScUsSION 128
6.5.1 Limitations 131

6.6 CONCLUSION 132
CHAPTER 7 RIGHT VENTRICULAR VOLUMES AND FUNCTION IN THALASSAEMIA MAJOR 134

PATIENTS

7.1 ABSTRACT 134
7.2 INTRODUCTION 135
7.3 METHODS 136
7.3.1  Study population 136
7.3.2  Cardiovascular magnetic resonance 137
7.3.3  CMR analysis 137
7.3.4  Haemoglobin measurements 139
7.3.5  Statistical analysis 139

7.4 RESULTS 140
7.4.1  Patient population 140
7.4.2 Right ventricular parameters 141
7.4.3  Correlation with haemoglobin levels 143

7.5 DISCUSSION 144



Table of contents Cardiovascular Magnetic Resonance of the Right Ventricle

7.5.1 Limitations

7.6 CONCLUSION

CHAPTER 8 EFFECTS OF COMBINED DEFERIPRONE WITH DEFEROXAMINE ON RIGHT
VENTRICULAR FUNCTION IN THALASSAEMIA MAJOR

8.1 ABSTRACT

8.2 INTRODUCTION

8.3 METHODS
8.3.1  Study population
8.3.2  Cardiovascular magnetic resonance
8.3.3  Echocardiography
8.3.4  Biochemistry
8.3.5  Statistical analysis

8.4 RESULTS
8.4.1  RCT trial in mild to moderate cardiac siderosis
8.4.2  Longitudinal open-label study in severe cardiac siderosis
8.4.3  Entire study cohort

8.5 DIscussION
8.5.1 Limitations

8.6 CONCLUSION
CHAPTER 9 RIGHT VENTRICULAR DYSFUNCTION IS A PREDICTOR OF NON-RESPONSE AND
CLINICAL OUTCOME FOLLOWING CARDIAC RESYNCHRONIZATION THERAPY
9.1 ABSTRACT
9.2 INTRODUCTION
9.3 METHODS
9.3.1  Study population
9.3.2 Imaging
9.33 Outcomes

9.3.4  Statistical analysis

9.4 RESULTS

147

147

149

149

150

151
151
152
153
154
154

155
155
158
161

162
164

165

166

166

167

168
168
168
171
171

172



Table of contents

94.1 Patients

9.4.2 Left ventricle

9.4.3  Right ventricle

9.4.4  Myocardial fibrosis
9.4.5 Follow-up

9.4.6 Response to therapy

9.5 DIsSCUsSION
95.1 Previous work
9.5.2  Tricuspid annular plane systolic excursion
9.53 Pulmonary hypertension
9.5.4  Myocardial fibrosis
9.5.5 Atrial fibrillation
9.5.6 Response
9.5.7 Limitations
9.6 CONCLUSION
DISCUSSION
CHAPTER 10 DISCUSSION

10.1 MARFAN SYNDROME
10.1.1 Overview
10.1.2 Present work
10.1.3 Future work

10.2 THALASSAEMIA MAJOR
10.2.1 Overview
10.2.2 Present work
10.2.3  Future work

10.3 CARDIAC RESYNCHRONIZATION THERAPY
10.3.1 Overview
10.3.2 Present work
10.3.3 Future work

10.4 ORIGINAL CONTRIBUTION TO RESEARCH

10.4.1 Marfan syndrome
10.4.2 Thalassaemia major
10.4.3 Cardiac resynchronization therapy

Cardiovascular Magnetic Resonance of the Right Ventricle

172
173
174
175
177
177

180
181
182
183
183
184
185
186

186

188

189
189
193
195

197
197
202
204

205
205
209
211

213
213
214
215



Table of contents

CHAPTER 11 CONCLUSION
APPENDIX
CHAPTER 12 APPENDIX
12.1 PUBLICATIONS ARISING FROM THIS WORK

12.2

12.3

12.4

125

12.6

12.1.1 Peer reviewed research papers
12.1.2 Abstracts

12.1.3 Invited presentations

PERSONAL CONTRIBUTION TO RESEARCH

CRITICAL DEVELOPMENT REVIEW AS A RESEARCHER
SUPERVISION

LIST OF ABBREVIATIONS

REFERENCES

Cardiovascular Magnetic Resonance of the Right Ventricle

217

219

219

219

220

223

223

223

224

225

228



Chapter 1 Page 1 Summary and Objectives

CHAPTER 1: SUMMARY AND OBJECTIVES

Lying at the centre of the human body, the heart is responsible for the continuous movement
of blood around the circulatory system, supplying oxygen and nutrients to the body’s 75
trillion cells. The heart is considered by many as a remarkable piece of engineering. Weighting
approximately 300 grams, it will beat more than 2.5 billion times and will pump nearly 6.5
million litres of blood during an average lifetime. Despite a relatively small power output
ranging from 1-5 watts, it does the most physical work of any muscle during a lifetime. Its
muscle fibres are organized in such a way that a 15% shortening of individual myocytes will
translate into the ejection of 70% of the total blood content. It can also increase its output up

to 5 times if necessary to respond to the body needs.

The human heart is comprised of 4 chambers, the left and right atria, and the left and right
ventricles. Blood enters the heart through the atria and is pumped out by the ventricles.
During ontogenesis, the heart has been divided into left and right sides to accommodate 2
parallel circulations: the left side receives oxygenated blood from the lungs and expels
through the aorta to the systemic arteries, whilst the right side receives deoxygenated blood
from the systemic veins and expels to the pulmonary vasculature, where the blood is

oxygenated by the lungs.

Most of the attention has been devoted to the left side of the heart, particularly the left
ventricle. It is usually the largest and heaviest chamber of the heart because it has to pump
blood to the entire body against a high vascular resistance in order to keep adequate
perfusion to the tissues. As a consequence of the higher haemodynamic stress, it is also more
vulnerable to pathology, in particular hypertension, coronary artery and valve disease, the

commonest causes of heart disease in the Western world.
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For a long time, the right ventricle has been somewhat neglected. As opposed to the left
ventricle, it is connected to a smaller and lower resistance pulmonary vascular system. Indeed,
early animal experiments suggested that life can be maintained without a functioning right
ventricle, which is corroborated in humans by palliative surgeries in congenital heart disease
where the systemic venous blood bypasses the right ventricle into the lungs. However, it
comes at a cost of increased peripheral venous pressure as well as low cardiac output, either
of which can result in morbidity and mortality. Interest in the right ventricle has been revived
in the last decades, during which several reports showed the right ventricle to have a major
impact in congenital heart disease and pulmonary vascular disease, conditions where the right
side of the heart is predominantly affected. Much of this renewal was fostered by the
development of cardiac imaging, which enables direct visualization of the beating heart. Of all
the available imaging modalities, cardiovascular magnetic resonance is arguably the ideal
technique to assess the right ventricle. This technique provides excellent image quality at a
good temporal resolution, and is currently considered the reference for assessing cardiac
morphology and function. In addition, by exploring different tissue properties, it allows in vivo
characterization of the myocardium as validated by histology without the need for invasive
biopsy procedures. Magnetic resonance is also safe to humans as it does not involve ionizing
radiation. For these reasons, cardiovascular magnetic resonance (CMR) is considered the
imaging modality of choice to assess the right ventricle, representing a unique research

opportunity for this rather overlooked structure.

By using CMR as the primary research modality, the aim of this thesis was to investigate the
role of the right ventricle in the physiology, physiopathology, diagnosis and prognosis of
different conditions and in different settings. The core of the thesis relates to works that have
already been published by peer-reviewed journals. Chapter 5 examines the existence of a

primary cardiomyopathy associated with Marfan syndrome, a connective tissue disease where
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the cardiovascular system is frequently involved. The following chapters describe the right
ventricle in thalassaemia major, an inherited haemoglobin disorder requiring lifelong blood
transfusions that results in excessive iron accumulation with direct toxicity to the heart.
Chapter 6 addresses right ventricular function according to the relative iron concentrations,
while Chapter 7 documents the normal expected ranges for right ventricular measurements in
patients with thalassaemia major, and Chapter 8 evaluates the response of right ventricular
function to different chelation therapies. Finally, Chapter 9 looks at the prognostic value of
the right ventricle in patients with heart failure undergoing cardiac resynchronization therapy.

A diagram with the structure of the public works can be appreciated below (figure 1.1).

Cardiovascular magnetic resonance of the right ventricle

Marfan Thalassaemia Cardiac
syndrome major dyssynchrony

Evidence for Effect ofironon Normal ranges in Effects of Impact on
Marfan right ventricular absence of iron chelation response and
cardiomyopathy function overload therapy outcomes

Diagnosis Pathophysiology Prognosis

Figure 1.1. Thesis organisation. The diagram is an overview of the thesis, with pathologies

displayed in purple, and works displayed in red.
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CHAPTER 2: THE RIGHT VENTRICLE

2.1. HISTORICAL BACKGROUND

The brilliant proof by William Harvey (1578-1657) of the continuous circulation of blood
within a contained system was the 17th century’s most significant achievement in physiology
and medicine [Lyons 1997]. It was Harvey who worked out most of the problems and is
responsible for the present understanding of the blood’s circulation (figure 2.1). Through an
experimental approach, he defied previous conceptions established since the Classical era,
and faced many criticisms so that his seminal work, “De Motu Cordis”, took 12 years to be
published. Contrary to the conventional knowledge until then, he demonstrated that the
heart acts as a pump, and by observing the valves in the right ventricle, he concluded that
blood could only flow in one direction. Harvey later demonstrated that there is no
communication between the right and the left ventricle as previously defended by the Galenic
school (figure 2.2). Supported by quantitative data on the daily cardiac output, it became
obvious to him that the blood had to circulate in a closed system. What Harvey couldn’t prove
was how the blood flows from the pulmonary arteries to the veins, where he assumed the
existence of porosities. It was later that Marcelo Malpighi (1628-94), with the development of
the microscope, who discovered the capillary vessels; and Antonie van Leeuwenhoek (1632-
1732), by observing blood flow therein, who established the basis of the pulmonary

circulation [Snellen 1984, Lyons 1997].

The history of the heart and circulation evolved from anatomy to physiology (anatomia
animata as coined by Harvey) in the 17th century, and then to pathology in the 18th and 19th
centuries [Snellen 1984]. By then, the study of the heart was often confounded with the study

of the left ventricle (LV), the dominant chamber of the heart, and the one most affected by
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Figure 2.1. Diagram of the circulatory system.

pathology. The development of instruments like the sphygmograph to measure arterial pulse
pressures (Marey in the mid 19th century), arterial catheterization to measure LV pressures
(Chaveau in the late 19th century), and the electrocardiogram to measure electrical activity
(Einthoven in the early 20th century), also contributed to a better understanding of the LV
[Snellen 1984]. In the first half of the 20th century, the study of the right ventricle (RV) was

limited to a small group of investigators who were intrigued by the hypothesis that human
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circulation could function adequately without RV contractile function [Lee 1992, Haddad
2008a]. This perception originated from studies using open-pericardium dog models which
showed that cauterization of the RV lateral wall did not result in a reduction of cardiac output
or an increase in systemic venous pressure [Starr 1943, Kagan 1952, Haddad 2008b].
Moreover, many surgical procedures for congenital heart disease culminated in a circulation
devoid of a subpulmonary ventricle, though it is clear that such circulations are far from
normal [Sheehan 2008]. From the early 1950s through the 1970s, cardiac surgeons recognized
the importance of the RV as they evaluated procedures to palliate right heart hypoplasia
[Haddad 2008a]. In 1982, Goldstein and colleagues reported that RV myocardial infarction
(RVMI) in a closed-pericardium dog model would lead to significant haemodynamic
compromise [Goldstein 1982]. Since then, the RV has been recognized as a determinant of
clinical symptoms, morbidity and mortality in heart failure [Di Salvo 1995, Juilliere 1997, de
Groote 1998, La Vecchia 1999, Ghio 2001]. The importance of the RV has also been
emphasised as a prognosticator in a number of conditions besides heart failure [Sheehan
2008], such as coronary artery disease [Polak 1983, Shah 1986, Mehta 2001, Zornoff 2002],
chronic obstructive pulmonary disease [Marti 2006, Almagro 2006], pulmonary hypertension
[D’Alonzo 1991, Sitbon 2002], pulmonary embolism [Kreit 2004], and congenital heart disease

[Gatzoulis 1995, Graham 2000, Roos-Hesselink 2004].

In 2006, a report from the National Heart, Lung, and Blood Institute (U.S.) recognised that the
relevance of the RV in health and disease has historically lagged behind that of the LV [Voelkel
2006]. Given the pivotal importance in a wide spectrum of cardiovascular diseases, this group
identified the RV as a high priority for cardiovascular research and for funding by the National

Institutes of Health [Voelkel 2006].
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Figure 2.2. Diagram of the heart.

2.2. ANATOMY

2.2.1. Location

The RV is the most anteriorly situated cardiac chamber in the normal heart as it lies
immediately behind the sternum [Ho 2006]. Alongside the anterior border, the RV also marks
the inferior border of the cardiac silhouette. In contrast to the near conical shape of the LV,
the RV is more triangular in shape when viewed from the front (figure 2.3). The pulmonary
valve marks the superior margin of the RV while the tricuspid valve marks its right margin

(figure 2.3). The apex of the RV is frequently inferior to that of the left. Viewed from the
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diaphragmatic aspect of the heart, the right and left ventricles lie side by side (figure 2.3). In
cross section the cavity appears like a crescent wrapping around a circular LV. Thus, the
curvature of the ventricular septum places the right ventricular outflow tract antero-
superiorly to that of the left ventricle’s resulting in a characteristic ““cross over” relationship

between right and left ventricular outflows [Ho 2006].

Figure 2.3. Endocast of a normal heart. Left panel, Anterior view. Right panel, Inferior (or

diaphragmatic) view. RA- Right atrium; TV- tricuspid valve; RV- Right ventricle; PV-
pulmonary valve; PA- Pulmonary artery; Ao- Aorta; LV- Left ventricle. The coronary sinus
(CS) drains the coronary venous system into the right atrium. Courtesy of Professor Siew

Yen Ho.

2.2.2. Structure

The RV can be described in three components [Goor 1975]: 1) the inlet, or sinus, which
contains the tricuspid valve, chordae tendineae, and papillary muscles; 2) the trabeculated
apical myocardium, and; 3) the infundibulum, or conus, which corresponds to the smooth

myocardial outflow region (figure 2.4) [Haddad 2008a].
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Figure 2.4. Anatomical dissection
of the RV, exposing the inlet,

apical myocardium, and outlet.

The septal aspect of the RV is
displayed to show the septo-
marginal trabeculation (SMT) with
its anterior (a) and posterior (p)
arms embracing the ventriculo-
infundibular  fold (VIF). The
moderator band (MB) crosses the
ventricular cavity as a distinct
bundle. Other abbreviations as in
figure 2.3. Reproduced with

permission from Ho 2006.

The pulmonary valve is separated from the tricuspid valve by a muscular fold, the ventriculo-
infundibular fold. At its septal margin, the fold forms the supraventricular crest, which divides
the inlet from the outlet portion of the RV [Ho 2006]. The fold continues superiorly into the
right ventricular outlet. The antero-superior wall of the right ventricle completes the muscular
tube known as the subpulmonary infundibulum that leads to the pulmonary valve. The

infundibulum lifts the pulmonary valve clear of the ventricular septum (figure 2.4) [Ho 2006].

On the septal aspect of the right ventricle is a characteristic muscle band termed the
septomarginal trabeculation (figure 2.4). In some hearts it can be seen clearly as a Y shaped
strap that cradles the supraventricular crest between its arms [Ho 2006]. The medial papillary
muscle inserts to the posterior arm, whilst the anterior arm blends into the subpulmonary

infundibulum [Ho 2006]. The moderator band, another marker for the morphologically right
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ventricle, takes off from the body of the Y to cross to the parietal wall carrying within it a
fascicle of the right bundle branch of the atrioventricular conduction system (figure 2.4) [Farb
1992, Ho 2006]. The insertion of the medial papillary muscle is the landmark for the more

proximal portion of the right bundle branch [Ho 2006].

2.2.3. Myofibre architecture

The muscular fibres of the RV form the parietal (or free) wall and the right side of the
interventricular septum. The RV free wall is formed by 2 layers of myofibres: 1) the superficial
or subepicardial myofibres are arranged more or less circumferentially in a direction that is
parallel to the atrioventricular groove and encircle the subpulmonary infundibulum; 2) the
deep myofibres are aligned longitudinally from apex to base (figure 2.5) [Ho 2006]. In the
normal heart, the thickness of the RV free wall is in the range of only 3-5 mm, and the RV
mass is approximately one-sixth to one-fourth of that of the LV [Foale 1986, Sandstede 2000,
Maceira 2006a, Jurcut 2010]. In contrast, the thicker LV wall contains epicardial myofibres
arranged in a longitudinal left handed helix, endocardial fibres arranged in a longitudinal right
hand helix, and predominantly circular myofibres in between [Ho 2006, Sengupta 2006]. This
arrangement contributes to the more complex movement of the LV, which includes torsion,
translation, rotation, and thickening [Dell’ltalia 1991, Ho 2006]. The continuity between the
superficial muscle fibres of the RV and LV functionally binds the ventricles together and
represents the anatomical basis of RV wall traction caused by LV contraction. This continuity
also contributes, along with the interventricular septum and pericardium, to the

interdependence between both ventricles [Dell’ltalia 1991, Haddad 2008a].
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Figure 2.5. Myofibre architecture elicited by sequential dissections. Panel A, Normal
heart showing oblique arrangement of the subepicardial fibres. Panel B, Myofibres lying
deeper retain the circumferential arrangement in the RV but change from oblique to
circumferential in the LV. Panel C, The right ventricle is opened to show the longitudinally
arranged subendocardial myofibres. The lower panels depict in simplistic fashion the
ventricular subepicardial myofibres (left) and the subendocardial myofibres (right) of the

normal heart. Abbreviations as in figure 2.3. Reproduced with permission from Ho 2006.

2.2.4. Distinctive anatomical features

Although the RV is usually located on the right side of the heart and connects with the
pulmonary circulation, the anatomical RV is defined by its structure rather than by its position

or connections [Haddad 2008a]. The morphological features that best differentiate the
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anatomical RV from the LV include the following: 1) the more apical hingeline of the septal
leaflet of the tricuspid valve relative to the anterior leaflet of the mitral valve; 2) the trileaflet
configuration of the tricuspid valve with papillary muscle attachments to the septum; 3) the
presence of a moderator band; 4) the presence of coarse trabeculations around the whole
circumference as opposed to the lack of trabeculations on the septal side of the LV, and; 5) a
lack of fibrous continuity between its inlet and outflow valves, patent in the form of the

ventriculo-infundibular fold (table 2.1) [Haddad 2008a].

2.3. PHYSIOLOGY

2.3.1. Embryology

The RV differs substantially from the LV in its morphology, structure, and physiology (table
2.1). These differences are present from the very early embryological origin of both ventricles
[Mertens 2010]. Whilst LV myocardial precursor cells originate from the primary heart field in
the anterior plate mesoderm, RV precursor cells originate from the secondary heart field
[Zaffran 2004, Rochais 2009]. During foetal life, the lungs are not functional as the oxygen is
delivered by the placenta. The RV pumps most of its blood to the systemic circulation via the
ductus arteriosus [Rudolph 1970, Hopkins 2002], thus contributing for most of the total
cardiac output [Rudolph 2010]. RV and LV free wall thickness and force development are
equal throughout foetal life, and the interventricular septum is midline and flat throughout
the cardiac cycle [Rudolph 1970, Haddad 2008a]. After birth, the LV becomes the systemic
ventricle, whereas the RV becomes the subpulmonary ventricle, supporting the low
impedance pulmonary circulation [Mertens 2010]. RV hypertrophy regresses, and the heart
remodels to the typical postnatal shape with a crescentic RV and an elliptic LV [Haddad

2008a). Once this adaptation has occurred, the RV loses its capacity to revert to its foetal
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phenotype and is limited in its ability to respond to abnormal hemodynamic loading,
especially to increased pressure loading [Bogaard 2009, Mertens 2010]. The different
embryological origins of the right and left ventricles may explain the different expression of
genes involved in adaptive remodelling [Mertens 2010], as molecular changes in the RV
myocardium induced by pressure loading differ from those in the LV myocardium [Mital 2006,

Urashima 2008, Kaufman 2008].

Table 2.1. Comparison between the left and right ventricles.

Left ventricle

Right ventricle

Embryology

Primary heart field

Secondary heart field

Components

Inflow and myocardium, no
infundibulum

Inflow, trabeculated
myocardium, infundibulum

Anatomical features

Morphological valve

Bileaflet (mitral) valve

Trileaflet (tricuspid) valve with
more apical hingeline

Trabeculations

Septum free of trabeculations

Coarse trabeculations
Moderator band

Inlet-outlet valves

Fibrous continuity

Muscular interposition

Myofibre arrangement

Subepicardium

Oblique

Circumferential

Mesocardium

Circumferential

Subendocardium Oblique Longitudinal
Volumetry

EDV, mL/m’ 78 + 9 (60-95) 78+11 (57-99)

ESV, mL/m’ 26 +5 (16-36) 27+7 (13-41)

EF (%) 67 + 5 (58-76) 666 (54-78)

Mass 69 + 8 (53-84) 31+6 (19-43)

Haemodynamics

Pressures, mmHg

130/8 (90-140)/(5-12)

25/4 (15-30)/(1-7)

Elastance (Emax), mmHg/mL

5.48 £+1.23

1.30+0.84

SVR vs. PVR, dyne.s.cm5

1100 (700-1600)

70 (20-130)

EDV- end-diastolic volume; ESV- end-systolic volume; EF- ejection fraction; SVR- systemic

vascular resistance; PVR- pulmonary vascular resistance.
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2.3.2. Mechanics

The primary function of the RV is to pump the systemic venous return into the pulmonary
vasculature. The stroke volume of the RV is similar to the LV but at about 25% of the stroke
work because of the low resistance of the pulmonary vasculature [Dell’ltalia 1991, Voelkel
2006]. Therefore, by virtue of the Laplace relationship, the RV is more thin-walled and
compliant. The higher compliance of the RV [Leyton 1971, Gaasch 1975] probably explains
why the RV volumes are slightly higher than the LV volumes, and why the RV ejection fraction
is slightly lower than the LV ejection fraction, as the stroke volume is roughly the same under
normal physiological conditions [Lorenz 1999, Maceira 2006a]. RV contraction is sequential,
starting with the contraction of the inlet and trabeculated myocardium and ending with the
contraction of the infundibulum (approximately 25 to 50 ms apart) [Dell’ltalia 1991, Haddad
2008a). The RV contracts by 3 separate mechanisms: 1) contraction of the longitudinal fibres,
which shortens the long axis and draws the tricuspid annulus towards the apex; 2) inward
movement of the free wall, which produces a bellows effect, and; 3) traction on the free wall
at the attachment points secondary to LV contraction [Jiang 1994, Haddad 2008a]. As most
myocytes lie in the longitudinal orientation in the subendocardial layer, longitudinal
shortening is a greater contributor to the stroke volume than radial shortening [Kukulski 2000,

Petitjean 2005].

2.3.3. Haemodynamics

Under normal conditions, the RV is coupled to a low impedance pulmonary vascular system.
Compared to the systemic circulation, pulmonary circulation has greater arterial distensibility
and lower vascular resistance [Dell’ltalia 1991, Haddad 2008a]. Hence, RV pressures are

significantly lower than LV pressures. RV pressure tracings show an early peaking and a rapidly
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declining pressure in contrast to the rounded contour of LV pressure tracing [Dell’ltalia
1988a]. RV isovolumic contraction time is shorter because RV systolic pressure rapidly exceeds
the low pulmonary artery diastolic pressure. A careful study of hemodynamic tracings and
flow dynamics also reveals that end-systolic flow may continue even in the presence of a
negative ventricular-arterial pressure gradient [Dell’ltalia 1988a]. This interval, which is
referred to as the hangout interval, is most likely explained by the momentum of blood in the

outflow tract [Dell’ltalia 1988a, Haddad 2008a].

2.3.4. Cardiodynamics

RV systolic function is a reflection of preload, contractility, and afterload. RV performance is
also influenced by heart rhythm, synchrony of ventricular contraction, and ventricular
interdependence [Feneley 1985, Dell'ltalia 1990, Goldstein 1990, Santamore 1998]. RV
afterload represents the load that the RV has to overcome during ejection. Compared to the
LV, the RV demonstrates a heightened sensitivity to afterload changes [MacNee 1994, Chin
2005]. In clinical practice, pulmonary artery systolic pressure and pulmonary vascular
resistance (PVR) are the most commonly used indices of afterload. On the other hand, RV
preload represents the load present before contraction. Within physiological limits, an
increase in myocyte stretching due to an increase in preload improves myocardial contraction
on the basis of the Frank-Starling mechanism. But beyond the physiological range, excessive
RV volume load can compress the LV and impair the global ventricular function through the
mechanism of ventricular interdependence [Chin 2005]. The diastolic filling period is also an
important determinant of ventricular preload. RV filling normally starts before and finishes
after the filling of the LV. RV isovolumic relaxation time is shorter, and RV filling velocities are

lower. The respiratory variations in RV filling velocities are, however, more pronounced [Yu
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1996]. Many factors influence RV filling, including heart rate, intravascular volume status,
ventricular relaxation, ventricular chamber compliance, passive and active atrial

characteristics, LV filling, and pericardial constraint [Burgess 2002, Haddad 2008a].

2.3.5. Ventricular interdependence

The RV is linked to the LV in several ways: by a shared wall (the septum), by mutually
encircling epicardial fibres, by attachment of the RV free wall to the anterior and posterior
septum, and by sharing the pericardial space [Voelkel 2006]. Consequently, it is impossible to
consider abnormalities of the RV in isolation, and vice versa [Haddad 2008a]. Ventricular
interdependence refers to the concept that size, shape, and compliance of one ventricle may
affect the size, shape, and pressure-volume relationship of the other ventricle through direct
mechanical interactions [Santamore 1998]. Ventricular interdependence is mediated mainly
through the interventricular septum, but the pericardium may also play a role during diastole
[Feneley 1985, Santamore 1998]. Experimental animal studies showed that approximately
20% to 40% of RV systolic pressure and volume outflow results from LV contraction [Damiano
1991, Hoffman 1994, Santamore 1998]. The evidence for ventricular interdependence is well
established and based on experimental and clinical studies [Taylor 1967, Santamore 1998]. In
acute RV pressure or volume overload states, dilatation of the RV shifts the interventricular
septum towards the left, alters LV geometry, and increases pericardial constraint. As a
consequence, the decreased distensibility shifts the LV diastolic pressure-volume curve
upward, which potentially leads to decreased LV preload and a low cardiac output state
[Brookes 1999]. Conversely, LV volume or pressure overload has also been shown to shift
upward the RV diastolic pressure-volume relationship and to redistribute RV filling into late

diastole [Taylor 1967, Santamore 1998, Haddad 2008a].
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2.3.6. Perfusion

The blood supply of the RV varies according to the dominance of the coronary system. In a
right-dominant system, which is found in about 80% of the population, the right coronary
artery (RCA) supplies most of the RV [McGill HC Jr 1968]. The lateral wall of the RV is supplied
by the marginal branches of the RCA. The left anterior descending coronary artery (LAD)
supplies the anterior free wall and superior two thirds of the septum, while the posterior
descending artery of the RCA supplies the inferior free wall and inferior third of the septum
[Voelkel 2006]. The infundibulum derives its supply from the conal artery, which has a
separate ostial origin from the RCA in 30% of cases [McGill HC Jr 1968, Farrer-Brown 1968].
Whilst coronary flow to the LV and interventricular septum occurs only in diastole, coronary
artery flow to the RV free wall occurs during both systole and diastole [Kinch 1994]. This
explains the relative resistance of the RV to irreversible ischemic injury, alongside its lower
oxygen consumption [Kusachi 1982], more extensive collateral system from the left coronary
arteries [Goldstein 2002], and ability to increase oxygen extraction [Haupt 1983, Haddad

2008a].

2.4. PATHOPHYSIOLOGY

RV failure is a complex clinical syndrome that can result from any structural or functional
cardiovascular disorder that impairs the ability of the RV to fill or to eject blood [Haddad
2008b]. The cardinal manifestations of RV failure are: 1) fluid retention, which may lead to
peripheral oedema, ascites, and anasarca; 2) decreased systolic reserve or low cardiac output,
which may lead to exercise intolerance and fatigue, and; 3) atrial or ventricular arrhythmias.

RV dysfunction, on the other hand, refers to abnormalities of filling or contraction without
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reference to signs or symptoms of heart failure [Haddad 2008b]. Numerous mechanisms can

be responsible for RV dysfunction. These include pressure or volume overload, ischaemia,

intrinsic myocardial disease, or pericardial constraint (table 2.2).

Table 2.2. Causes of right ventricular dysfunction.

2.4.1. Pressure overload

2.4.2. Volume overload

2.4.3. Myocardial ischaemia

Pulmonary hypertension

Valve disease

Myocardial infarction

Idiopathic

Tricuspid regurgitation

Pulmonary embolism

Pulmonary regurgitation

2.4.4. Cardiomyopathies

Lung disease

Congenital heart disease

Uhl’s anomaly

Congenital heart disease

Atrial septal defect

ARVC

Tetralogy of Fallot

Anomalous venous return

Pulmonary stenosis

Ebstein’s anomaly

Other causes

Double-chambered RV

Coronary artery fistula

Constrictive pericarditis

Systemic RV

Mechanical ventilation

Left heart failure

Vena cava stenosis

2.4.1. Pressure overload

RV pressure overload can be due to fixed pulmonary valve stenosis or dynamic right

ventricular outflow tract obstruction, or even occur in less frequent forms of congenital heart
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disease such as transposition of the great arteries [Haddad 2008b]. However, the commonest
cause of RV pressure overload is pulmonary hypertension [Simonneau 2009]. An initial
adaptive response of myocardial hypertrophy is followed by progressive contractile
dysfunction [Dias 2002]. Chamber dilatation ensues to allow compensatory preload and
maintain stroke volume despite a reduced ejection fraction. As contractile weakening
progresses, decompensated RV failure occurs, characterized by rising filling pressures,
diastolic dysfunction, and diminishing cardiac output, which can be further compounded by
tricuspid regurgitation due to annular dilatation and poor leaflet coaptation [Louie 1995,
Voelkel 2006]. Pressure overload of the RV may also lead to RV ischemia, which may further
aggravate ventricular dysfunction [Chin 2005, Haddad 2008b]. In pulmonary hypertension, RV
function is the most important determinant of survival, even when accounting for the
pulmonary artery pressures [D’Alonzo 1991, Sandoval 1994, Sitbon 2002, McLaughlin 2005,

Chin 2005].

2.4.2. Volume overload

In general, the thin-walled RV adapts better to volume overload than to pressure overload. In
atrial septal defect and tricuspid regurgitation, the RV may tolerate volume overload for a
long time without a significant decrease in RV systolic function [Davlouros 2006]. Even when
Eisenmenger’s physiology (pulmonary vascular disease caused by a large pre-existing left-to-
right shunt) is well established, the outlook for these patients is better than for those with
idiopathic pulmonary arterial hypertension [Hopkins 1996], perhaps due to preconditioning or
retention of the foetal right heart phenotype mediated by embryonic adaptive mechanisms
[Hopkins 2002, Hopkins 2005, Voelkel 2006]. Compared to volume-overload states,

histological changes are more pronounced in RV pressure-overload states as demonstrated by
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the increased density of myocardial connective tissue both seen in animal and human studies
[Marino 1985, Kasimir 2004]. Recent studies, however, have suggested that longstanding
volume overload may also lead to an increase in morbidity and mortality [Messika-Zeitoun

2004, Davlouros 2006].

2.4.3. Ischaemia and infarction

RV myocardial infarction (Ml) usually occurs after occlusion of the RCA proximal to the major
RV branches in the context of an inferior MI [Bowers 2002]. It may also occur in anterior Mls
as the anterior part of the RV free wall is supplied by collaterals from the LAD [Kakouros
2010]. RV involvement is present in about 50% of LV inferior infarctions and about 10% of LV
anterior infarctions [O’Rourke 2004], and is associated with an increased risk of arrhythmias,
heart failure and shock [Pfisterer 1986, Mehta 2001, Chockalingam 2005, Hamon 2008].
Although arrhythmias and haemodynamic compromise associated with acute RV ischaemia
lead to early mortality [Zehender 1993], in the longer term most patients improve
spontaneously, even in the absence of reperfusion of the infarct related artery [Bowers 1998,
Yasuda 1990]. Recovery can be explained by the intrinsic resilience of the RV to infarction
[Laster 1993], as demonstrated by the more favourable oxygen and metabolic supply-demand

profile [O’Rourke 2004].

2.4.4. Cardiomyopathies

Primary myocardial diseases can be associated with globally or regionally decreased RV
performance. Arrhythmogenic RV cardiomyopathy (ARVC) and Uhl’s anomaly are the classic
examples of cardiomyopathies with predominant RV involvement [Hoch 1992, Lindstrom

2001]. However, most cardiomyopathies present with biventricular or predominant LV
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involvement [La Vechia 1999]. Cardiomyopathies affecting the LV may impact RV function by
increased LV filling pressures leading to pulmonary hypertension, or by ventricular interaction
with an exaggerated displacement of the septum to the right, impairing both filling and
contraction of the RV [Haddad 2008b]. Indeed, LV dysfunction, either ischaemic or non-
ischaemic in origin, is one of the commonest causes of pulmonary hypertension and RV

dysfunction [Hoeper 2009].

2.4.5. Regulation of right ventricular function

Numerous studies describe the roles of the autonomic and renin-angiotensin-aldosterone
systems, endothelin, natriuretic peptides and cytokines in the regulation of RV function [Kiely
1996, Mulder 1997, Nagaya 2000]. Although activation and modulation of these neuro-
hormonal and cytokine pathways are important to regulate RV function according to the
varying loading conditions and metabolic needs, persistent upregulation can be detrimental in
the long term and contribute to RV dysfunction. In the failing RV, excessive sympathetic
stimulation may adversely affect ventricular remodelling and survival [Fan 1987, Bolger 2002].
Activation of the renin-angiotensin-aldosterone system may also contribute to fluid retention
and ventricular remodelling [Kiely 1996]. Endothelin system activation is an important feature
in pulmonary vascular disease and RV dysfunction [Ueno 1999, Channick 2001, Bolger 2002].
In patients with pulmonary hypertension and congenital heart disease, elevated endothelin-1
levels are associated with decreased exercise capacity and impaired ventricular function
[Channick 2001, Bolger 2002]. Conversely, pharmacological modulation of the renin-
angiotensin-aldosterone and endothelin systems has resulted in improvements in exercise
capacity, pulmonary vascular resistance, and reverse ventricular remodelling in pulmonary

arterial hypertension [Mulder 1997, Channick 2001, Rouleau 2001]. B-type natriuretic peptide
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levels may increase in RV pressure or volume overload states such as pulmonary
hypertension, pulmonary embolism, cor pulmonale, and congenital heart disease [Nagaya
2000, Bolger 2002], and are associated with increased mortality in patients with idiopathic

pulmonary hypertension [Nagaya 2000].

2.4.6. Consequences of right ventricular failure

Many factors may contribute to the low cardiac output in patients with RV failure, including
RV systolic dysfunction, ventricular interdependence, arrhythmias, and suboptimal preload
[Haddad 2008b]. The resulting hypotension may further aggravate RV dysfunction by inducing
coronary hypoperfusion and RV ischaemia [O’Rourke 2004]. Ventricular interdependence
plays an important role in the pathophysiology of RV failure, especially in the acute setting. RV
volume or pressure overload causes a leftward shift of the septum, changing LV geometry; RV
dysfunction may also increase the constraining effect on the pericardium [Santamore 1998].
These changes contribute to a low cardiac output state by reducing LV distensibility and
preload. RV diastolic dysfunction impairs RV filling and increases diastolic RV and right atrial
pressures [Haddad 2008b]. RV failure may also cause tricuspid regurgitation, which may beget
RV volume overload, decreased cardiac output, and increased right atrial pressures [Voelkel
2006]. These combined effects may lead to fluid retention and congestive hepatopathy, as
well as cardiac cirrhosis in more advanced cases. Increased pressures in the right atrium may
also lead to right-to-left shunting through a patent foramen ovale and result in hypoxemia
[Haddad 2008b]. Protein-losing enteropathy due to extremely elevated systemic venous
pressures is occasionally seen after the Fontan procedure, in constrictive pericarditis, in
severe tricuspid regurgitation, and RV failure. This condition may result in profound

hypoproteinemia, malnutrition, and immunological deficiencies [Feldt 1996, Haddad 2008b].
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2.4.7. Arrhythmias and sudden death

Persistent RV dysfunction may lead to atrial tachyarrhythmias due to increased right atrial
filling pressures and subsequent neuro-hormonal activation with adverse remodelling. Atrial
tachyarrhythmias are common in patients with RV dysfunction, and often lead to
hemodynamic instability in severe RV failure [Haddad 2008b]. Many studies have
demonstrated that atrial flutter or atrial fibrillation portend a poorer prognosis in patients
with RVMI, pulmonary hypertension, and congenital heart disease [Goldstein 1990, O’Rourke
2004, Tongers 2007, Walsh 2007]. Ventricular tachycardia arising from the RV occurs in
pulmonary hypertension, congenital heart disease, RVMI, ARVC, and idiopathic RV outflow
tract tachycardia [Hoch 1992, Walsh 2007]. Sudden death in patients with RV disease is often
caused by arrhythmias (either tachycardia or bradycardia). Other important causes of sudden
death include pulmonary embolism and mechanical complications associated with RVMI

[Haddad 2008b].

2.5. IMAGING OF THE RIGHT VENTRICLE

The development of imaging has made a huge impact in medicine by enabling in vivo
visualization of different organs and systems. Several techniques using different fundamental
principles (X-ray, scintigraphy, ultrasound and magnetic resonance) are currently used to aid
with the diagnosis and define the management of a wide spectrum of diseases. Cardiac
imaging historically took longer to establish because the heart is an organ in perpetual
motion, requiring ECG-gating and relatively high temporal resolution to acquire images from

the desired phases of the cardiac cycle.
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This section approaches the different imaging modalities for the evaluation of the RV. Despite
significant improvements in cardiac imaging, assessment of the RV still faces many challenges.
These include: 1) the complex geometry of the RV, with a triangular appearance in the sagittal
plane and a crescentic shape in the coronal plane; 2) the thin wall of the RV, which makes it
difficult to visualize and differentiate from the surrounding structures; 3) the limited definition
of the RV endocardial surface caused by the heavily trabeculated myocardium; 4) the
retrosternal position of the RV, which limits echocardiographic image acquisition, and; 5) the

marked load dependence of indices of RV function [Haddad 2008a, Mertens 2010].

2.5.1. Contrast angiography

The oldest method for assessing the RV is conventional X-ray contrast angiography. By direct
injection of a radiopaque contrast agent via right heart catheterization, digital radiographic
images can be obtained in one or several projections (figure 2.6) [Greyson 2011]. Contrast
angiography provides detail about the RV morphology and function, abnormal shunts, and
valve stenosis or incompetence [Greil 2008]. A major limitation is that a two-dimensional (2D)
projection of a complex three-dimensional (3D) structure can be difficult to interpret and
quantify [Greyson 2011]. Although multiple slice methods and rotational angiography with 3D
reconstruction have shown promising results [Sheehan 2004, Orlov 2011], RV angiography has
now been superseded by alternative non-invasive methods yielding more accurate and

reproducible data on RV volumes and function [Kjaergaard 2006, Greil 2008].
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Figure 2.6. Contrast angiogram of the right ventricle. Panel A, Antero-posterior view (AP).
Panel B, Lateral view (LAT). RA- right atrium; RVOT- right ventricular outflow tract; S- spine;

ST- sternum. Reproduced with permission from Orlov 2011.

The current advantage of right heart catheterization is that haemodynamic data can be
obtained at the same time as image data are acquired [Greyson 2011]. Right heart
catheterization remains the gold standard for quantifying pulmonary haemodynamics and
assessing right heart function through direct measurement of right atrial pressure, cardiac
output, and pulmonary artery pressures [Greyson 2011]. Pulmonary vascular resistance and
response to vasodilators are critical to identify the aetiology and potential therapies for right
heart failure due to pulmonary hypertension [Greyson 2011]. Pressure-volume curve analysis
using conductance catheters can quantify various determinants of RV function such as the first
derivative of RV pressure (dP/dt), RV elastance, ventricular compliance, and stroke work
(figure 2.7) [Haddad 2008a, Bleeker 2006a]. Maximum ventricular elastance is considered
by many investigators as the best index of contractility because it appears to be the least
load dependent parameter of RV performance [Starling 1987, Dell’ltalia 1988b, Vogel 2002].

However, some studies have outlined limitations in the RV time-elastance model, such as
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nonlinearity, variability in slope values, and afterload dependency [Kass 1988]. Moreover,

when compared with LV conductance studies, RV conductance studies are technically more

challenging owing to the difficulty in obtaining reliable ventricular volumes [Haddad 2008a,

Champion 2009, Hein 2009]. Because invasive techniques are time consuming and entail some

element of risk, the role of conductance catheterization is currently restricted to research, as

most clinicians depend on other imaging modalities to assess the RV [Greyson 2011].
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Figure 2.7. Left panel, RV pressure-volume signals obtained by conductance catheter. Right

panel, RV pressure-volume curves generated by conductance catheter over successive cardiac

cycles. Reproduced with permission from Bleeker 2006a.

2.5.2. Echocardiography

50

Echocardiography relies on the emission and reflection of ultrasounds (defined as sound

pressure waves with frequencies above the human hearing, i.e. >20 kHz). Probes made of

pyezoelectrical crystals convert alternate energy currents into ultrasound beams that obey to
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the common laws of reflection and refraction as they pass through different media or tissues.
Ultrasound waves reflected by the target tissues can then be detected and characterized by
the ultrasound probe. The entering energy waves are converted into voltage signals, which in
turn are rendered into echocardiographic images [Armstrong 2009]. Echocardiography
provides comprehensive information of the heart without any known side effects to man. The
technique is non-invasive, relatively inexpensive, portable, and widely available [Selton-Suty
2009]. As a result, echocardiography is currently the primary imaging modality for the
morphological and functional assessment of the RV (figure 2.8) [Greil 2008, Horton 2009,
Rudski 2010]. Velocities can be determined using the Doppler principle, allowing for
qguantification of RV diastolic function, valve disease and shunts, and estimation of pulmonary
artery, right ventricular and right atrial pressures [Yu 1996, Lee 2007]. However, the technique
is hindered by limited views due to the retrosternal position of the RV and lung interference
(bone and air are not good conductors of ultrasound). Furthermore, the acoustic window and
image quality can be quite variable from patient to patient, and the image acquisition is very

operator dependent [Jurcut 2010, Mangion 2010].

Initial echocardiographic markers of RV size and function were based on conventional 2D and
Doppler techniques [Miller 2004], and included simple measurements such as RV dimensions,
percent fractional area change (%FAC), tricuspid annular plane systolic excursion (TAPSE), and
the ejection isovolume index (Tei index). These parameters correlate with reference
techniques [Kaul 1984, Tei 1995], and have demonstrated prognostic value [Yeo 1998, Ghio
2010]. However, none of these surrogate markers has achieved the same reference status as
RVEF [Mertens 2010], and are of limited interest in pathologies like repaired tetralogy of Fallot

or ARVC, where regional function not always corresponds to global function [Morcos 2009].
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Figure 2.8. Echocardiographic planes of the right ventricle. Panel A, Parasternal LV long-axis.
Panel B, Parasternal RV long-axis. Panel C, Short-axis at aortic valve level. Panel D, Short-axis
at mid-ventricular level. Panel E, Apical four-chamber of the right ventricle. Panel F, Subcostal
four-chamber view. LV- left ventricle; RA- right atrium; RV- right ventricle. Reproduced with

permission from Selton-Suty 2009.

Novel markers of RV function employ tissue Doppler to assess local tricuspid plane velocities
(tricuspid annular velocity and isovolumic contraction) and regional myocardial deformation
[Vogel 2002, Lee 2007]. The latter can be evaluated by strain and speckle tracking [D’Hooge

2000, La Gerche 2010], which appear relatively operator and load independent [Bijnens 2009],
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and have already provided with new insights onto RV mechanics [Meris 2010, Yang 2010].
Myocardial strain and strain rate imaging are promising techniques in the assessment of RV
function, but solid data on the reliability of these technically challenging approaches are still
lacking. Therefore, the potential clinical use of RV Doppler imaging still needs to be defined

[Mertens 2010].

More recently, 3D echocardiography has become available owing to the development of
rotating ultrasound transducers. Multiple planes can be acquired at the same time and
rendered into 3D images. Despite overcoming the 2D limitation on relying in simple
geometrical assumptions for the RV [van der Zwaan 2011], 3D echocardiography is still
dependent on adequate acoustic windows and appropriate endocardial delineation [Mertens
2010, Greyson 2011]. Comparison studies have shown 20-40% smaller RV volumes by 3D
echocardiography and only moderate correlation against CMR [Kjaergaard 2006, Khoo 2009,
Leibundgut 2010, van de Zwann 2010]. As volume underestimation occurs in both systole and
diastole, RVEF by 3D echocardiography correlates well with CMR [Niemann 2007, Khoo 2009,
Leibundgut 2010, van de Zwann 2010, Grapsa 2010], showing only slightly lower values on a

recent meta-analysis [Shimada 2010].

2.5.3. Nuclear imaging

Nuclear imaging techniques are based on the signal emitted by radioactive agents. The
primary application of nuclear imaging in cardiology is myocardial perfusion, where the role to
evaluate myocardial ischaemia and viability is well established [Faber 2010]. An additional
application of nuclear imaging is the study of left and right ventricular size and function. As a
count-based technique, radionuclide angiography is free of geometric assumptions, making it

suitable for evaluating the RV [Ramani 2010]. Changes in radiotracer counts over time are
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measured by a gamma camera. The blood volume is proportional to the number of counts
recorded per unit of time, which is used for direct volumetric assessment of the cardiac
chambers [Ramani 2010]. Using ECG-gating, end-diastolic and end-systolic counts can be used
to assess ventricular volumes and derive ejection fraction. Determination of RVEF by nuclear
imaging is reliable, reproducible, and shown to have diagnostic and prognostic relevance
across many cardiac conditions [Reduto 1978, Johnson 1979, Di Salvo 1995, Kawut 2005, van

Wolferen 2007, Rich 2010].

Radionuclide angiography can be completed with either first-pass [Friedman 2006] or
equilibrium [Corbett 2006] techniques. First-pass radionuclide angiography (FPRNA) uses
dynamic image acquisition immediately following radionuclide bolus injection, and acquires
counts from the RV before the isotope transits to the pulmonary circulation [Ramani 2010,
Greyson 2011]. FRPNA thus enables short acquisition times (about 30s) without significant
overlap with overwhelming structures. However, the first-pass technique is limited by lower
count densities [Jain 1992], and the quality of the study is highly dependent on the experience
of the operator. These shortcomings can be magnified when significant arrhythmias, RV
dysfunction or tricuspid regurgitation are present [Ramani 2010]. The limitations described
above contributed to FPRNA'’s gradual decline in popularity, as only few nuclear laboratories
are able to reliably perform this study [Ramani 2010]. In equilibrium radionuclide angiography
(ERNA), blood is labelled with a radioisotope to increase its circulatory half-life, and
equilibrium images are acquired over a longer period of time, hence increasing the total
number of counts acquired [Maddahi 1979, Greyson 2011]. There is a strong correlation
between RVEF determined by ERNA and FPRNA [Rezai 1991], though the correlation appears
slightly better for FPRNA when compared to CMR [Johnson 1995]. Calculation of RVEF via
planar ERNA can be problematic due to overlap of right ventricular with right atrial activity

[Ramani 2010], and is currently not recommended for measuring RV function [Corbett 2006].
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ERNA has been refined with single photon emission computed tomography (SPECT) to provide
3D spatial information, allowing adjacent structures to be more easily separated (figure 2.9)
[Greyson 2011]. Studies comparing the accuracy of SPECT ERNA to validated techniques,
including FPRNA and CMR, have however yielded mixed results [Daou 2004, Nichols 2002,
Slart 2003, Daou 2007, Sibille 2011]. Although SPECT ERNA appears a promising technique for

assessing RVEF, more studies are needed for clinical validation [Ramani 2010].
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Figure 2.9. SPECT equilibrium radionuclide angiography. Radiotracers counts (left panel) are
used to generate 3D ventricular models in end-diastole (upper middle panel) and end-systole
(lower middle panel). Time-volume curves of the left and right ventricles display volumes and
ejection fraction (right panel). LV- left ventricle; RV- right ventricle; FWALL- free wall; LAT-

lateral. Courtesy of Dr Eliana Reyes.
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Nuclear perfusion imaging may be potentially useful in assessing myocardial ischaemia of the
RV [DePuey 1991, Abuhid 2007], particularly in patients with RV hypertrophy, where the
increased coronary blood flow leads to increased radiotracer uptake and thus better RV
visualization [Khaja 1979, Rabinovitch 1981, Rich 2010]. Reports suggest that RVH is a
determinant of RVMI after inferior Ml [Kopelman 1985, Forman 1987], and that inadequate
myocardial perfusion in RVH contributes to RV dysfunction in pulmonary hypertension
[Gomez 2001, Greyson 2011]. However, assessment of RV myocardial perfusion has been
somewhat limited in the general population, in part due to inconsistent visualization of the
thin-walled RV [Ramani 2010], and also because interventional therapy for coronary artery

disease of the RV free wall is not commonly employed [Greyson 2011].

2.5.4. Computed tomography

Whilst commonly used in the evaluation of the pulmonary parenchyma and vascular system,
computed tomography (CT) can provide complementary information on the right side of the
heart. Simple RV measurements and indices can be obtained during investigation of lung
disease [Dupont 2011]. RV enlargement, as defined by increased RV/LV dimensional ratio, and
RV dysfunction, as defined by ventricular septal bowing to the left, have been validated
against echocardiography [Contractor 2002], and able to predict adverse outcomes in patients
with acute pulmonary embolism [Aaroz 2003, Quiroz 2004, Schoepf 2004]. However, these
parameters appear to be unreliable [Aaroz 2007], and are not routinely used for the

management of pulmonary conditions.

CT differs from other X-ray techniques because X-ray transmission is registered under a large
number of projection angles. The signal received by the detectors is computer processed,

enabling reconstruction of 2D trans-axial tomographic images where signal intensity reflects
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tissue attenuation properties [Geleijns 2005]. CT of the heart was only made possible after the
introduction of ECG-gated acquisitions. However, it was the prospect of evaluating coronary
artery disease, the most prevalent cardiac disease, that substantial improvements in CT
performance have been accomplished. The new generation multidetector CT scanners (MDCT)
with increased spatial-temporal resolution and extended coverage can generate 3D coronary
angiograms with excellent image quality. As the whole heart is also covered, reliable
information about the cardiac chambers thus became possible, usually with acquisition times
of only a few seconds (figure 2.10). When CT data are retrospectively referenced to the
recorded ECG signal, images can be reconstructed at the desired time points of the cardiac
cycle [Halliburton 2012]. End-diastolic and end-systolic frames are then selected, from which
ventricular volumes, EF and myocardial mass are derived [Bruzzi 2006a, Bruzzi 2006b]. Since
the implementation of MDCTs in 2004, several authors have validated its use for estimation of
RV size and function in comparison with echocardiography [Dogan 2006], nuclear imaging
[Kim 2005, Coche 2005], and the gold standard CMR [Plumhans 2008, Nicol 2009, Guo 2010,
Gao 2012, Maffei 2012]. Despite being regarded as accurate and reproducible for estimation
of RV volumes and mass, CT is not routinely used for RV assessment. Like conventional
angiography, CT is hampered by the amount of radiation delivered and iodinated contrast
injection involved [Dupont 2011]. In addition, the temporal resolution of CT is still lower than
other techniques, limiting its sensitivity for detecting and evaluating regional wall motion
abnormalities [Fischbach 2007]. Nevertheless, the use of cardiac CT for the RV is expected to
rise in the future, as continuous improvements in hardware and software capabilities will
increase the temporal resolution and reduce the radiation burden. CT is likely to become an

attractive option for the evaluation of the right ventricular-pulmonary unit.
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Figure 2.10. Computed tomography short-axis reconstruction of the left and right ventricles
from base to apex. LV- left ventricle; RV- right ventricle. Reproduced from with permission

from Maffei 2012.

2.5.5. Magnetic resonance

Cardiovascular magnetic resonance (CMR) provides comprehensive evaluation of the heart by
exploring the magnetic relaxation properties of the tissues (figure 2.11). CMR is a safe
technique, thus enabling serial evaluation without the need for iodinate contrast agents or
exposing patients to ionizing radiation [Dupont 2011]. Other advantages include the ability for
in vivo tissue characterization, and good spatial and temporal resolution regardless of patient

body habitus, orientation or position of the heart [Greyson 2011].
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Figure 2.11. Examples of cardiovascular magnetic resonance planes covering the right
ventricle. Panel A, Four-chamber view. Panel B, Left ventricular outflow tract view. Panel C,
Short-axis view at mid-ventricular level. Panel D, Right ventricular outflow tract view. Ao-
aorta; LA- left atrium; LV- left ventricle; PA- pulmonary artery; RA-right atrium; RV-right

ventricle.

CMR allows accurate and reproducible calculation of RV volumes, ejection fraction,
myocardial wall thickness and mass [Mogelvang 1988, Katz 1993, Helbing 1995, Grothues
2004]. When compared to other imaging modalities, CMR is considered the most reliable
method for measuring RV volumes and ejection fraction [Sugeng 2010], and is currently
regarded as the reference for validation of other techniques [Dupont 2011, Greyson 2011].
Using phase-contrast velocity mapping, CMR can estimate cardiac output, peak velocities,

regurgitant fractions and shunts, which are useful in the assessment of valvular and congenital
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heart disease [Kilner 2007]. Moreover, tissue characterization using different sequences and
gadolinium chelated contrast agents can reveal tissue characteristics such as the presence of
fat or fibrosis in the RV myocardium without the need for invasive cardiac biopsy [Molinari

1995, Sato 1995].

Despite the increasing role in the evaluation of the RV, wider application of CMR is hindered
by the high costs, limited availability and specialised training, restricting its use to experienced
centres. Caution should be undertaken with metallic implants, and electronic devices are
usually regarded as contraindications to the technique. Other drawbacks include long scan
times (particularly troublesome in patients with claustrophobia) and the frequent need for

gadolinium (relative contraindication in patients with severe renal dysfunction).

Detailed information on magnetic resonance physics, image acquisition and clinical

applications to the cardiovascular system will be provided in the following chapter.

2.5.6. Multimodality imaging

The use of cardiovascular imaging has increased significantly over time. There are two main
reasons behind this trend: 1) a steady rise in cardiovascular pathology due to an ageing
population and prolonged survival as a result of better treatment, and; 2) technological
advances leading to new imaging applications, initially in the research setting, and later
translated into the routine clinical practice. As described in the previous sections, each and
every individual imaging modality has its own merits, caveats and applications (table 2.3).
Hence the combined use of different modalities has the potential to provide additional and
complementary information, and thereby improve diagnostic accuracy, risk stratification, and
individual management. These propositions are the cornerstones for the use of multimodality

imaging, which will be briefly discussed for the RV.



Chapter 2 Page 37 Right Ventricle

Echocardiography is traditionally the initial method of choice for patients with suspected or
confirmed RV disease. As opposed to other imaging modalities, it is portable, readily available,
and relatively inexpensive. It permits comprehensive evaluation of RV morphology, systolic
and diastolic function, as well as estimating RV and pulmonary haemodynamics [Mertens
2010]. However, the parameters measured by echocardiography are hampered by the high
variability and lack of clinical validation. Hence, in most echocardiographic laboratories, the
most frequently used technique to estimate RV function is subjective visual assessment

[Mertens 2010].

CMR is being increasingly used as a standard tool for the evaluation of RV structure and
function [Haddad 2008a]. It is the most accurate method for assessing RV morphology, global
and regional function, and has the additional ability of evaluating the tissue characteristics of
the myocardium. In addition, flow studies can be used to assess cardiac output, valve function
and shunts. Because of its limited availability, CMR is usually indicated when
echocardiographic windows are limited, or when more reliable information on the RV is

required.

Right cardiac catheterization enables direct pressure measurements and precise
haemodynamic assessment of the RV and pulmonary vascular system [Bleeker 2006al].
Conventional contrast angiography is sometimes performed during catheterization, but is
seldom used today due to the limited 2D planar information, use of ionization radiation and
iodinated contrast agents. This technique is invasive and only convened when pulmonary or

RV haemodynamic information is important for decision making.

Radionuclide angiography had been used in the past for quantification of RV ejection fraction
and cardiac shunts. However, its popularity has decreased over the years due to the low

spatial resolution and high radiation burden. Nuclear imaging has been replaced by more
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precise and radiation-free techniques, and is nowadays rarely used for evaluation of the RV

[Greil 2008].

Despite the high spatial resolution, CT is limited by the low temporal resolution and exposure
to radiation, and is only considered for the assessment of RV when there are contra-
indications to all other imaging modalities [Greil 2008]. Nevertheless, thoracic CT is widely
used in the evaluation of thoracic disorders, some of which have potential repercussions on

the right side of the heart [Dupont 2011].

Table 2.3. Comparison of the available imaging modalities.

Angio Echo Nuclear CMR CT
Image quality ++ ++ + +++ 4+
Temporal resolution ++ +++ + ++ +
Availability ++ +++ ++ + +
Cost +++ + ++ +4++ ++
Radiation + 0 + 0 +
General applications ++ +++ + +++ +
RV applications ++ ++ + +++ +

Angio- X-ray angiography; Echo- echocardiography; Nuclear- nuclear imaging; CMR-

cardiovascular magnetic resonance; CT- computed tomography; RV- right ventricle.
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CHAPTER 3: CARDIOVASCULAR IMIAGNETIC RESONANCE

Since the acquisition of the first magnetic resonance (MR) signal in 1952 by Herman Carr, and
the first MR images in the early 1970s by the Nobel laureates Paul Lauterbur and Sir Peter
Mansfield, magnetic resonance imaging (MRI) has progressed enormously to become a
popular technique in the medical community. MRI is most useful in the evaluation of the
nervous and musculoskeletal systems, but can be applied to the cardiovascular system as well.
This chapter comprises the basic principles of MRI, image acquisition of the moving heart, and

general applications to the cardiovascular system.

3.1. PRINCIPLES OF MAGNETIC RESONANCE IMAGING

3.1.1. Magnetic resonance system components

An MRI system comprises three main electromagnetic components: 1) a set of main magnet
coils; 2) three gradient coils; and 3) a radiofrequency transmitter coil (figure 3.1) [Ridgway
2010]. The main magnet coils generate a strong, constant and homogeneous magnetic field.
The strength of the magnetic field is measured in units of Tesla (T), with 1 Tesla corresponding
to approximately 20,000 times the earth’s magnetic field. Nominal field strengths range from
0.5T to 3.0T for commercially available clinical MR systems, with the commonest field strength
for cardiac imaging being 1.5T [Ridgway 2010]. Gradient magnetic fields superimposed onto
the main magnetic field can be rapidly switched on and off by three gradient coils mounted
inside the main magnet. The gradient coils can change the position of the magnetic field along
the x, y, and z directions, with the z axis conventioned to be parallel to the direction of the

main magnetic field. A small radiofrequency (rf) magnetic field can be emitted by the rf
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transmitter coil located inside the gradient coils. The rf pulse waves are in the MHz range, and

are responsible for generating the MR signal.
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Figure 3.1. Top panel, Diagram showing the relative locations of the main magnet coils,
gradient coils, rf transmitter body coil and rf receiver coils. Bottom panel, Arrangement of a
typical MR system showing the magnet bore and the reference coordinate axes with the static

B, field direction along the horizontal z axis. Reproduced with permission from Ridgway 2010.

Each component produces a different type of magnetic field which, when applied in
combination to a patient, generates spatially localised and encoded MR signals that are used
to create the MR images. For cardiac imaging, a separate rf receiver coil is tailored to

maximise the signal from the heart [Ridgway 2010].
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Figure 3.2. Each hydrogen proton possesses a magnetic moment (vector). Under normal
conditions, the magnetic moments are randomly orientated and the net magnetisation vector
is zero. When the protons are placed within a strong magnetic field, they usually align with
axis of the main magnetic field, resulting in the net magnetisation vector My at equilibrium.

Courtesy of Dr John-Paul Carpenter.

3.1.2. Origin of magnetic resonance signals

Only elements with unpaired atoms show magnetic properties, some of which can be
explored for research by MR-spectroscopy (e.g. *C, *°F, ®Na, *'P). However, hydrogen (*H) is
the one used in clinical MRI due to its abundance in the human body and high MR signal
[Schild 1990]. Hydrogen nuclei (single protons) possess an intrinsic property known as nuclear
spin that gives rise to a small magnetic field known as a magnetic moment [Ridgway 2010].
Normally the magnetic moments are randomly oriented but in the presence of an external
magnetic field, they behave as small magnets and tend to align with the main magnetic field
(figure 3.2). In order to generate a MR signal, an rf pulse is used to deliver energy to the
population of protons. When the rf pulse is switched on, the net magnetisation vector Mo

begins to move away from the z axis and starts rotating around the x and y axis. The rf pulse is
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switched off once the angle of precession has reached a prescribed value. This is known as the
flip angle of the rf pulse [Ridgway JCMR 2010]. The net magnetisation vector can be split into
two components (figure 3.3). One component is parallel to the z-axis, and is known as the
longitudinal component or Mz. The other component lies at right angles to the z axis within
the plane of the x and y axes and is known as the transverse component or Mxy. The
transverse component rotates at a particular frequency, the Larmor frequency, which is
proportional to the strength of the magnetic field [Dymarkowski 2005]. As it rotates, it
generates its own small, oscillating magnetic field, which is detected as an MR signal by the rf

receiver coil [Ridgway 2010].

Bo o rf pulse 90° rf pulse

N A :

equilibrium ¢

4

Figure 3.3. rf pulses and magnetisation. Left panel, At equilibrium the net magnetisation My is
aligned with the bore magnetic field (By). Middle panel, When an rf pulse is applied, My, makes
an angle with the z-axis, known as the flip angle (a), and rotates around the axis (curved
arrow). At any instant the magnetisation can be split into two components, Mz and Mxy. The
rotating Mxy component generates the MR signal. Right panel, The maximum detectable
signal amplitude occurs after a 90° flip angle tilts the magnetisation vector to the transverse

plane. Reproduced with permission from Ridgway 2010.
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3.1.3. T1, T2 and T2* (T2-star) relaxation

As soon as the rf pulse is switched off, the excited spins starts to return back to their original
low energy state at equilibrium. This process is known as relaxation [Ridgway 2010]. There are
two simultaneous but distinct relaxation processes that relate to the two components of net
magnetisation. The first relaxation process occurs along the longitudinal (z) axis as the
magnetic moment loses energy. Longitudinal relaxation is an exponential process and can be

measured by the time constant T1 (figure 3.4).

F ¥

M. Followes an exponential recovery,

recovenng towards its equilibrium value

”“"""'E"’m’; M. with a time constant T1

edquiibrium valke |

0 T1 bme tirre=
constant

Figure 3.4. T1 relaxation. After application of a 90° rf pulse, the zcomponent of magnetisation
(Mz) is reduced to zero, but then recovers gradually back to equilibrium. The recovery of Mz is
an exponential process with a time constant T1. This is the time when magnetization has

recovered to 63% of its value at equilibrium. Reproduced with permission from Ridgway 2010.

The second relaxation process occurs in the transverse (xy) plane. While precessing at

different frequencies, the spins become out of phase and cancel each other out, causing a
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decay of the observed MR signal [Schild 1990]. There are two causes for the loss of phase
coherence. The first cause is related to the magnetic interaction between neighbouring
protons. This is an irreversible process with an exponential decay curve that can be measured
by the time constant T2 (figure 3.5.). The second cause for transverse relaxation is reversible
as it is due to local inhomogeneities of the magnetic field. The combined effect of T2
relaxation and magnetic field non-uniformities is called T2* relaxation, which corresponds to

the actual decay of MR signal also known as free induction decay (FID) [Ridgway 2010].
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Figure 3.5. T2 and T2* relaxation. After a 90° rf pulse is applied, the net magnetisation vector
(red arrow) is at maximum amplitude as the proton magnetic moments rotate in phase. The
detected signal decays as the spins move out of phase with one another (small black arrows).
The resultant decaying signal is known as the free induction decay (FID), and corresponds to
the T2* relaxation. T2 relaxation is observed when magnetic field inhomogeneities are
neutralized by 180° refocusing pulses. Both T2 and T2* are exponential processes with times
constants T2 and T2* respectively. This is the time when magnetization has decayed to 37% of

its initial value after the 90° rf pulse. Reproduced with permission from Ridgway 2010.
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Figure 3.6. Spin echo. After the initial 90° pulse, free induction decay occurs (T2* decay). A
subsequent 180° pulse rephases the spins resulting in a spin echo. The 180° pulse is only able
to correct the dephasing caused by field inhomogeneities while the dephasing due to spin-
spin interactions remains. The peak amplitude of the spin echo consequently exhibits
exponential decay governed by T2 relaxation. RF pulse- radiofrequency pulse; TE- echo time;
Mxy- magnetization in transverse plane; FID- field induction decay. Courtesy of Dr John-Paul

Carpenter.

3.1.4. Magnetic resonance echoes

Whilst the FID can be detected as an MR signal, for MRI it is more common to acquire the MR
signal in the form of an echo [Ridgway 2010]. The echoes used for MRI can be divided into
spin echoes and gradient echoes. Spin echoes are generated by the application of 180°
refocusing rf pulses after a 90° excitation pulse (figure 3.6). The initial 90° excitation pulse tilts
the spins into the transverse plane and into the same phase (in phase). After the rf pulse, the

spins start to move out of phase with a consequent loss of signal as represented by the FID. By
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application of a 180° refocusing pulse, the protons reverse their spin direction and come back
into phase reaching the maximum signal at the echo time, TE. For the spin de-phasing caused
by the field inhomogeneities to be completely reverted, the 180° pulse must be applied at half
the echo time, TE/2. The resulting echo is called spin echo [Schild 1990]. Gradient echoes are
generated by the controlled application of magnetic field gradients. When a magnetic field
gradient is switched on it causes proton spins to de-phase rapidly along the direction of the
gradient. The de-phasing caused by one magnetic field gradient can however be re-phased by
applying a second magnetic field gradient with an equal amplitude and for the same amount
of time but in the opposite direction. The corresponding signal after re-phasing is known as a

gradient echo [Ridgway 2010].

3.1.5. Image creation

The MR echo signals produced above can be localized and spatially encoded by applying
magnetic field gradients [Ridgway 2010]. A cross-sectional 2D image can be built in any
particular plane by using a combination of rf pulses and gradient magnetic fields in 3 steps as
described below.

Step 1 - Slice selection

First, the resonance of protons is confined to a slice of tissue. This is done by applying a
gradient magnetic field at the same time as the rf excitation pulse is transmitted (figure 3.7).
The frequency of the slice select rf pulse corresponds to the Larmor frequency at a chosen
point along the direction of the applied gradient. Only the protons precessing at the rf pulse
frequency will become excited, thereby defining a slice of tissue which will be sampled for
image acquisition. This process is known as slice selection and the orientation of the slice is

determined by the slice selection gradient, Gs [Ridgway 2010].
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Figure 3.7. Slice selection. A slice selection gradient, G, is applied at the same time as the rf
pulse. Only spins precessing at the rf pulse frequency will be excited, thereby forming a slice
of tissue that will be sampled for image acquisition. Reproduced with permission from

Ridgway 2010.

Step 2 - Phase encoding

Following slice selection, a phase encoding gradient, Gy, is applied in a perpendicular direction
for a specified period of time. This causes the protons to rotate at different frequencies
according to their position along the gradient. When the gradient is turned off, the protons
will have changed their relative phase by an amount depending on their position along the
gradient (figure 3.8). This process is known as phase encoding and the direction of the applied
gradient is known as the phase encoding direction [Ridgway 2010].

Step 3 - Frequency encoding

Following the phase encoding gradient, a frequency encoding gradient, Gy, is applied at right

angles to the previous gradients, causing the protons to rotate at different frequencies
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according to their relative position along that direction gradient. This gradient is applied for
longer, during which the MR signal is being digitally sampled. The signal is comprised of a
range of frequencies, corresponding to the Larmor frequencies of the magnetic moments at
their different locations along the gradient (figure 3.8). This process is known as frequency
encoding, and the direction of the applied gradient defines the frequency encoding (or

readout) direction [Ridgway 2010].
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Figure 3.8. Phase and frequency encoding. The phase encoding gradient is transiently applied
in one image direction (in this case, the y direction), leaving a phase shift relative to the
proton position along the G; direction. The frequency encoding gradient is then applied in the
other direction of the image plane (in this case, the x direction), during which the MR echo
signal is measured. The individual frequencies from the combined MR signal are used to locate
the MR signal along the G direction. FOV- field of view; B,- bore magnetic field; fo- resonance

frequency. Reproduced with permission from Rigdway 2010.
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In summary, to localise the MR signal in three dimensions, three separate magnetic field
gradients are applied in a three step process. The ability to define an arbitrary slice at any
plane and position is a key strength of MRI, especially for cardiac applications where oblique

views are usually needed for acquiring the standard views of the heart [Ridgway 2010].

3.1.6. Image reconstruction

Following slice selection and excitation of the region of interest, the MR signal is collected by
the receiver coils into an abstract platform called k-space [Mezrich 1995]). The spatial
frequencies are displayed in two orthogonal directions, with the x axis corresponding to the
gradient frequency direction and the y axis corresponding to the gradient phase direction.
After the phase encoding step, the data is sampled along the x axis in the frequency or
readout direction, thereby filling a line of k-space. If several phase encoding steps are
repeated successively over time, several lines of k-space will be filled to form the k-space
matrix (figure 3.9) [Ridgway 2010]. The k-space is thus defined by the space covered by the
phase and frequency encoding data, where the brightness of each point is proportional to the
signal amplitude at a particular spatial frequency [Moratal 2008]. Every point in the raw data
matrix contains part of the information for the complete image matrix. Conversely, a specific
point in the image matrix may have contributions from every single point in the raw data
matrix. The Fourier transform is a mathematical tool used to decode the combined time
dependent MR signal into its different frequency components. By means of the Fourier
transform, the system can allocate the MR signal by phase and frequency onto a specific

location, which will then result in the final MRl image (figure 3.9) [Schild 1990].
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Figure 3.9. Image reconstruction, k-space and image space. The MR signals derived from each
phase encoding step are stored in a raw data matrix (k-space). A 2D Fourier transformation of
the matrix results in the reconstruction of the image. The number of phase encoding steps
determines the number of pixels in the image along the phase encoding direction.

Reproduced with permission from Ridgway 2010.

3.1.7. Image contrast

One of the most important strengths of MRI over other imaging modalities is the ability to
generate contrast between tissues, as particular tissues have specific MR relaxation properties
[Ridgway 2010]. The closely bound hydrogen protons in lipid molecules have precession rates
close to the Larmor frequency which are favourable for energy exchange. Hence fat has a
short T1 relaxation time. On the other hand, hydrogen protons in free water molecules have a

much faster precession rate which is unfavourable for energy exchange. Therefore free water
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has a long T1 relaxation time [Ridgway 2010]. T2 relaxation is related to the amount of spin-
spin interaction. Free water contains small molecules moving rapidly and far apart. Therefore
spin-spin interactions are less frequent and the T2 relaxation is slow, leading to long T2
relaxation times. Water molecules bound to large molecules in soft or liquid tissues are
slowed down and more likely in interact, leading to shorter T2 relaxation times [Ridgway
2010]. Hydrogen protons in fat and other solid tissues will generally de-phase more quickly
than in liquids, leading to even shorter T2 relaxation times [Constable 1992].

The relaxation properties of any particular tissue can be manipulated by different pulse
sequence parameters in order to achieve T1 and T2 contrast or weighting. As each particular
tissue has its own relaxation properties, the combined use of different weightings and
sequences will constitute the basis for tissue characterization, which is one of the distinctive

features of MRI (table 3.1).

Table 3.1. Signal characteristics of different types of tissues according to pulse sequences.

T1 T2 T2* SSFP EG LG
Fat 0 o © 1 © ©
Water ) 0 0 0 0 \
Myocardium o o o o A 0
Thrombus ~ ~ 1 o 1 1
Blood 2 2 o 2 2 ~
floes 4 4 \ \ \ 0
CELE: i i \ \ \ \
A 0 0 0 0 0 0

T high signal; &> intermediate signal; d low signal; ~ variable signal; 0- no signal
tNormal myocardium; SSFP- steady state free precession; EG- early phase after gadolinium

injection; LG- late phase after gadolinium injection.




Chapter 3 Page 52 Magnetic resonance

3.2. BASIC PULSE SEQUENCES

A pulse sequence is defined as a set of radiofrequency pulses and magnetic gradients used to
produce an MR signal. Two of the most important modifiable parameters of a sequence are
the repetition time, TR, and the echo time, TE. The time between each excitation pulse is
called repetition time. Each repetition corresponds to a phase encoding step and a frequency
encoding measurement. The time between repetitions is the most important factor for image
acquisition time [Balaban 2010]. The echo time is the time interval between the excitation
pulse and the resulting echo, which is normally arranged to coincide with the data sampling.
Depending on the type of MR echo generated, pulse sequences can be divided into spin echo
(SE) and gradient echo (GE) sequences, which will be briefly described below.

Pulse sequences are frequently accompanied by pulse modifiers or prepulses, which consist of
rf pulses or gradients applied in front of a standard MR sequence to manipulate the net
magnetisation. Prepulses are often used for contrast enhancement, artefact reduction and

tissue labelling.

3.2.1. Spin echo sequences

The 90° excitation pulse combined with a 180° refocusing pulse used by the SE sequences give
the largest possible echo signal at TE while neutralizing field inhomogeneities at the same
time. Spin echo techniques are therefore suited for anatomical imaging when the primary goal
is to achieve images with high signal-to-noise ratio and reduced sensitivity to artefacts related
to magnetic field inhomogeneities (figure 3.11) [Ridgway 2010]. However, the inherently slow
scanning times only allow images to be acquired in part of the cardiac cycle. Hence dynamic
imaging is not possible with SE sequences.

The parameter choice for T1-weighted spin echo is a short TR and a short TE. T1 weighted

images are characterised by bright signal from fat and low signal from fluid. Therefore T1
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weighted SE sequences are useful for anatomical imaging where contrast is required between
fat, muscle and fluid. The parameter choice for T2-weighted spin echo is a long TR and a long
TE. Tissues with short T2 relaxation return low signal, while tissues with a long T2 return high
signal. T2-weighted SE images are useful for the depiction of fluid collections and myocardial
oedema which will appear with bright signal [Ridgway 2010].

A particular feature of SE sequences is the intrinsic black blood contrast due to moving blood
through the image slice [Herfkens 1983]. Since the 90° and 180° pulses are slice selective, any
moving blood not stimulated by both pulses will not produce a SE signal, thus resulting in a
signal void. This black blood effect can be optimized by specific dark blood preparation pulses.
SE sequences hence provide consistently high contrast between the blood pool and the

surrounding heart and blood vessel walls [Simonetti 1996].

3.2.2. Gradient echo sequences

The concept of GE imaging was only possible after the introduction of more powerful MR
systems. Key differences to SE sequences include a single rf pulse with a low flip angle
(between 15-60°) for slice selection, and use of gradients instead of time-consuming rf pulses
for echo generation. These factors significantly shorten the acquisition times by reducing the
repetition and echo times. Several images can be acquired throughout the cardiac cycle,
expanding the role of CMR from still frame anatomical imaging to functional cine imaging. GE
sequences are used where imaging speed is more important than image quality, as the
absence of the 180° refocusing pulse leads to signal loss in the setting of magnetic
susceptibility effects [Ridgway 2010]. The two main types of gradient echo pulse sequences
used for cardiac imaging are called spoiled GE and balanced steady state free precession

(bSSFP) [Boyle 2006].
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3.2.2.1. Spoiled gradient echo

The TR values used in GE sequences are much shorter than the T2 relaxation times of blood
and myocardium. This means that unless the residual transverse magnetisation generated by
each rf pulse is destroyed after it has been sampled, it would still exist when the next rf pulse
is applied. In spoiled gradient echo, the remnant signal is de-phased (or spoiled) by a spoiler
gradient after each readout period so that its contribution to the subsequent TR periods is
suppressed [Zur 1991]. Spoiled GE sequences tend to be T1-weighted because of the short TR
required for rapid imaging, and also because the long TE signals with T2* information are
destroyed by the spoiler gradients [Westbrook 2005]. However, T2* weighting is still possible
with spoiled GE by increasing the TR and TE to relatively long values, while keeping the flip
angle low. For T2* weighted GE, the image contrast is strongly influenced by the presence of
magnetic susceptibility effects and can be used to detect the presence of iron in tissues
[Anderson 2001]. The main cardiac applications for spoiled GE sequences are contrast
imaging, flow imaging, and myocardial iron imaging, all of which will be discussed in more

detail in the methods chapter.

3.2.2.2. Balanced steady state free precession

These sequences are designed to ensure that the transverse magnetisation is not spoiled but
actually brought back into phase when the next rf pulse is applied. The residual magnetisation
is carried over to the next repetition and superimposed onto the transverse magnetisation
generated by the subsequent rf pulses [Ridgway 2010]. After several repetitions, a steady
state is established where the signal from successive repetition periods is combined to give a
much greater signal [Scheffler 2003]. Balanced SSFP is a special type of SSFP sequence where
applied gradients are compensated by gradients with opposite polarity (rewinder gradients),

speeding up the rephasing process and ensuring the highest amount of signal during the
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steady state [Westbrook 2005]. The increased signal allows for a shorter TE and TR compared
to spoiled GE sequences and improved imaging efficiency [Ridgway 2010]. The contrast
behaviour of bSSFP is unique because the rf pulse is applied exactly between the echo times
attenuating the T2* effects of the transverse residual magnetisation [Westbrook 2005]. bSSFP
contrast is related to a complex T2/T1 ratio, with fat and fluid appearing brighter than any
other tissue [Dymarkowski 2005]. The intrinsic high contrast between the blood and the
myocardium is the distinctive feature of bSSFP, which has become the standard imaging

sequence for the functional assessment of the heart (figure 3.10). The key differences

between GE and SE techniques are summarised in table 3.2.

Figure 3.10. Four-chamber
view of a normal heart at end-
diastole as acquired by a
spoiled gradient echo
sequence (top panel) and a
balanced steady state free
precession sequence (bottom
panel). Cine imaging initially
relied on spoiled gradient
echo, but was later replaced
by  steady state free
precession, which ensures
better image quality and
superior delineation of the

myocardial borders.
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Table 3.2. Summary of key differences between spin echo and gradient echo sequences.

Sl e Gradier_1t echo Gradient echo
(spoiled) (bSSFP)

Flip angle 90° 5-40° 50-70°
Refocusing pulse Yes No No
Contrast weighting T1,T2 T1, T2* T2/T1 ratio
Short TR (for T1 weighting) 400-800ms 3-400ms* 3-5ms
Short TE (for T1 weighting) 6-25ms 1-3ms 1-3ms
Long TE (for T2/T2* weighting) 60-100ms 7-15ms N/A
Long TR (for T2/T2* weighting) 1500-2500ms 100mst N/A
Shortest practical TR 200ms 2-5ms 2-5ms
Susceptibility to iron No Yes Yes
Signal from flowing blood Dark (spin Bright (inflow Bright (T2/T1

washout) enhancement) contrast)

bSSFP- balanced steady state free precession; TE-echo time; TR- repetition time; tdepends on

flip angle. Reproduced with permission from Ridgway 2010.

3.3. CARDIOVASCULAR MAGNETIC RESONANCE

3.3.1. Synchronising with the cardiac cycle

For routine CMR, cardiac synchronization with the electrical activity is required for both pulse
sequence and signal acquisition. ECG monitoring can be achieved by application of MR
compatible electrodes. The ECG tracing is transmitted by a wireless system to the CMR
console for processing. Computer software is programmed to detect the R wave of the QRS
complex, which marks the electrical systole and the beginning of the cardiac cycle [Lanzer

1985]. Based on the ECG information, images of the beating heart can either be obtained at a
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single time point (still imaging) or at multiple time points throughout the cardiac cycle (cine

imaging) [Ridgway 2010].

3.3.2. Dealing with respiratory motion

Besides the intrinsic cardiac motion, CMR has to deal with the external cardiac motion that
occurs during the respiratory cycle. Respiratory gating techniques were designed to address
the respiratory motion. Continuous rf pulses track the position of the diaphragm relative to
the chest in the respiratory cycle. Image acquisition is then set up for a stable moment of the
respiratory cycle (usually end-expiration), and only data in the specified image window is
processed for image formation [Ridgway 2010]. Respiratory gating was originally used for
conventional sequences lasting several minutes. Nowadays it is only used for high-definition
coronary angiograms, since conventional pulse sequences have largely been abandoned in
favour of fast imaging techniques, which will be discussed below. Fast imaging has mitigated

respiratory motion artefacts as most images are now acquired within a single breath-hold.

3.3.3. Fast imaging techniques

Conventional pulse sequences only acquire one line of k-space per TR. As a result, it will take
several minutes to acquire a single SE image dataset or a single GE cine dataset. To overcome
this limitation, fast pulse sequences were designed to acquire several lines of k-space per TR,
thus reducing significantly the imaging acquisition times [Reeder 2000]. Other methods
exploring the particular geometry of the k-space have also been developed to shorten the
acquisition times. Since the k-space is symmetrical, filling just over one half of the k-space is
possible without any significant loss of information [Plein 2001, Lee 2002]. More refined

methods such as parallel imaging techniques explore the geometrical arrangement of multi-
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array receiver coils to compensate the undersampling of the k-space [van der Brink 2003,
Glockner 2005]. The introduction of fast imaging was an important landmark in the history of
CMR, as image datasets previously taking minutes now only need seconds to acquire
[Edelman 1990]. Further refinements have allowed the possibility of single-shot imaging (one
image acquired per heart beat), or even real time cine imaging (though at the expense of

temporal and spatial resolution) [Setser 2000].
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Figure 3.11. Conventional spin echo vs. fast spin echo. Conventional spin echo sequence
(left) only applies a single 180° to generate a single spin echo and a single line of k-space per
R-R interval. Fast spin echo pulse sequence (right) applies multiple 180° pulses following the
90° pulse to generate multiple spin echoes. In this example, four 180° pulses are applied to
generate four spin echoes (echo train length or turbofactor = 4), resulting in a four-fold

acceleration in scan time. Reproduced with permission from Ridgway 2010.
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3.3.4. Fast spin echo

As mentioned before, conventional SE sequences only acquire one SE and one line of k-space
per repetition time. Fast SE sequences [Henning 1986, Listerud 1992] generate multiple
echoes by applying multiple 180° pulses after the initial 90° pulse (figure 3.11). Each time a SE
becomes de-phased, a further 180° refocusing pulse is applied, generating a further SE. Each
formed echo is used to fill a new line of k-space by applying a different amount of phase
encoding to each echo prior to data sampling (figure 3.11) [Ridgway 2010]. The number of
echoes acquired per excitation pulse is known as the echo train length. Typically echo train
lengths of 16 to 64 are used, resulting in a 16 to 64 fold acceleration in scan time, which will
usually fall within a breath-hold period. Fast spin echo is today the standard pulse sequence

for anatomical imaging [Ridgway 2010].

3.3.5. Cine imaging

Cine imaging can be accomplished by using GE pulse sequences with very short repetition
times. It involves data acquisition at multiple time points, known as cardiac phases,
throughout the cardiac cycle [Ridgway 2010]. Data acquired within each cardiac phase fill a
separate k-space, resulting in the reconstruction of a separate image corresponding to a
separate cardiac phase. The combined images can then be displayed as a movie, thus enabling
functional assessment of the heart [Ridgway 2010].

For retrospective ECG gating, the traditional method used for cine imaging, data are acquired
continuously over several heart beats. Synchronisation pulses are recorded when coincident
with the R-wave. The MR signal data from this and subsequent repetitions are then allocated
to the corresponding time points in the cardiac cycle at the end of the entire k-space
acquisition (figure 3.12) [Lenz 1989]). The use of retrospective gating is essential for

applications such as valve and flow imaging.
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While retrospective gating is the preferred acquisition modality since the entire cardiac can be
displayed in a continuous cine loop, image quality can be significantly degraded in the
presence of arrhythmias. Prospective ECG triggering is used to commence data acquisition
immediately after the QRS complex. Data is acquired for multiple consecutive cardiac phases
until nearly at the end of the cardiac cycle. Data acquisition is then stopped until the
synchronisation pulse from the next R-wave is received. The consequence is that there is a
‘blind spot’ where no data is acquired at the end of the cardiac cycle while the system waits
for the next trigger pulse (figure 3.12). Prospective gating is useful to reduce artefacts from

arrhythmias. However, this approach is limited when imaging of late diastole is important.

R-wave trigger

) Acquisition ’?ead-time’
Prospective / _ > —
triggered ECG
gating
Retrospective
ECG gating . _
=77 systole Diastole TS~

Cine loop containing all phases of the cardiac cycle

Figure 3.12. Cine imaging. Data divided into cardiac phases (blue blocks) to form individual
images (bottom row). In retrospective gating, there is continuous data acquisition prior to
allocation into cardiac phases. In prospective gating, data acquisition commences at the R-

wave trigger and ends before the end of the cardiac cycle. Courtesy of Dr John-Paul Carpenter.
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3.3.6. Perfusion imaging

Myocardial perfusion imaging is routinely used in coronary artery disease to assess the blood
flow in the myocardium [Manning 1991]. It requires ultra fast imaging techniques able to
acquire several images of the myocardium (usually 3-5 short-axis slices) per cardiac cycle

while a gadolinium based contrast agent transits through the coronary arteries (figure 3.13).

Figure 3.13. Sequential perfusion images. Continuous images of the heart after contrast
injection in a peripheral vein. The saturation prepulse minimises the signal from the region of
interest at mid-ventricular level (panel A). Contrast bolus circulates in the right ventricle and
pulmonary vessels (panel B), before arriving to the left ventricle (panel C) and coronary
arteries (panel D).The myocardial signal enhancement is fairly homogenous, suggesting

balanced circulation and absence of significant coronary artery disease.

The single shot images are usually presented as a movie where the resulting myocardial signal

correlates with the coronary blood flow and gadolinium concentration in the myocardium.
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Regional imbalances in contrast concentration under maximal pharmacological dilatation may
reveal areas of hypoperfusion indicating myocardial ischaemia. The sequences normally
employed for perfusion images are based on spoiled gradient echo, balanced steady stated
free precession, and hybrid-echo planar imaging (efficient method of filling k-space via a
combination of radiofrequency pulses and gradients). T1-weighting and a saturation recovery
preparation pulse (for signal reduction of the background tissue) are necessary to maximise

the effect of the contrast agent [Kellman 2007, Biglands 2012].

3.3.7. Angiography

Vessel imaging is another common indication for CMR. As opposed to the previously
described techniques which rely on acquisition of single slices to form 2D images, magnetic
resonance angiography (MRA) involves acquisition of a volume to acquire 3D images. Three-
dimensional acquisition is more suitable for vessel imaging because of the high isotropic
spatial resolution, but it comes at the expense of more information and longer acquisition

times. MRA can either be performed with or without contrast agents.

Contrast-enhanced magnetic resonance angiography (CE-MRA) is the most frequently used
technique to delineate the lumen of the blood vessels. The standard pulse sequence for CE-
MRA is a spoiled GE with extremely short TR and TE for fast acquisition and T1 weighting
[Biglands 2012]. A bolus of gadolinium based contrast agent is injected and the angiogram is
acquired during the first passage of the bolus through the vessels of interest [Prince 1993,
Sivananthan 1993]. The vessels of interest will appear as bright structures in the angiogram, as
the strong T1 weighting yields high contrast between the blood containing gadolinium and the
surrounding tissues. The very short TR also results in saturation of the background tissue

signal, which significantly improves the quality of the angiograms [Biglands 2012].
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Figure 3.14. Three-dimensional
steady state free precession

coronary angiogram.

The example is of a curvilinear
planar reconstruction showing
normal origin and course of the
main coronary arteries. LAD- left
anterior descending artery; LCx-
left circumflex artery; RCA- right
coronary artery. Courtesy of Dr

Jennifer Keegan.

Despite the fast acquisition times, CE-MRA is not suitable to assess the coronary arteries due
to the cardiac motion artefacts. Visualization of the small and tortuous coronary arteries is
only accomplished by high-resolution 3D SSFP sequences that acquire information of the
entire heart and coronary vessels [Weber 2003]. Because of the long acquisition time, breath-
hold acquisitions are not possible. Respiratory motion is therefore compensated by
respiratory navigators, while the influence of cardiac motion is minimised by synchronizing
the ECG with mid diastole [Biglands 2012]. Two preparation pulses are used to optimize
contrast: a frequency selective fat suppression pulse aimed to remove the fat signal
surrounding the coronary arteries; a T2 preparation pulse to suppress signal from the venous
blood and the myocardium as their T2 relaxation values are shorter than the arterial blood
(figure 3.14) [Stuber 1999, Botnar 1999]. Three-dimensional SSFP angiogram does not require
gadolinium based contrast agents, and has been increasingly used outside the heart when

there is a contra-indication to gadolinium.
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3.4. CLINICAL APPLICATIONS OF CARDIOVASCULAR MAGNETIC RESONANCE

In the physics section, several properties of MRl were described: 1) MR signal can be spatially
localised to any part of the body; 2) Gradients operating in all three-dimensions render image
acquisition in any plane or position; 3) Multiple sequences can elicit different tissue
properties. These features underline the versatility of CMR for the anatomical and functional
assessment of the heart and great vessels. This section encompasses a basic description of the
wide and ever increasing range of applications of CMR. A more comprehensive CMR review

can be found elsewhere [Pennell 2010].

3.4.1. Volumes and function

Evaluation of ventricular volumes and mass has major implications for the diagnosis,
prognosis, and management of cardiac conditions. CMR is frequently used for this purpose,
since its measurements have shown to be accurate in post-mortem studies [Rehr 1985,
Jauhiainen 1998, Lorenz 1999, Heusch 1999], and reproducible when compared to the other
imaging techniques [Grothues 2002, Grothues 2004]. CMR is actually the most reliable
method for volume assessment, and is frequently used as the benchmark for validation of
other imaging modalities [Hoffmann 2005]. Thus, CMR can provide valuable information when
the results of other imaging modalities are conflicting or inconclusive. In addition, changes
over time are more robustly detected and clinical decisions can be taken more confidently.
The intrinsic low variability heralds a considerable advantage in research, where smaller
sample sizes can be used to achieve statistical significance, saving time on recruitment and
reducing costs accordingly [Bellenger 2000]. Ejection fraction (derived from the end-diastolic

and end-systolic volumes) is the parameter measured by CMR to assess systolic function.
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Diastolic function can be also assessed by CMR, but is not usually performed as

echocardiography remains the preferred approach [Paelinck 2002, Rathi 2008].

3.4.2. Coronary artery disease

Coronary artery disease (CAD) is the commonest cause of cardiac disease. CMR is established
in the evaluation of ischaemia, infarction and viability, which will be detailed below. CMR can
also detect myocardial infarct complications such as extension to the RV, ventricular thrombi,
and differentiate aneurysms from pseudoaneurysms. However, coronary angiography by CMR
is not recommended for the evaluation of coronary artery stenosis, and its role is limited to

the diagnosis of congenital coronary artery anomalies.

3.4.2.1. Myocardial Ischaemia - Stress CMR

CMR evaluates ischaemia either by assessing regional function with inotropes like dobutamine
or by assessing first pass perfusion with vasodilators like adenosine. Dobutamine stress CMR is
well validated for identifying ischaemia induced wall motion abnormalities in CAD [Nandalur
2007]. Diagnostic results are excellent and superior to dobutamine stress echocardiography
[Nagel 1999], providing an attractive alternative to echocardiography when the acoustic
window is poor. The prognostic role of dobutamine CMR has also been defined [Jahnke

2007a].

3.4.2.2. Myocardial Ischaemia - Perfusion CMR

First-pass myocardial perfusion is the most popular CMR method for evaluating myocardial
ischaemia (figure 3.15). Diagnostic accuracy has been validated against the anatomical
standard X-ray angiography [Hamon 2010], and the functional significance has been
correlated with fractional flow reserve, the new reference for haemodynamic assessment of

coronary stenosis [Rieber 2006, Watkins 2009, Lockie 2011]. Recent comparative studies have
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suggested superiority of perfusion CMR over the established SPECT techniques [Schwitter
2008, Greenwood 2012, Schwitter 2012a, Schwitter 2012b]. The use of perfusion CMR is
therefore expected to rise in the future, not only due to the superior results, but also because
CMR is safer and more comprehensive than SPECT. Perfusion CMR also yields prognostic
information, which is useful for risk stratification of patients with suspected or confirmed CAD

[Ingkanisorn 2006, Jahnke 2007a].

Figure 3.15. Adenosine stress first-pass perfusion. Left panel, Homogeneous signal
enhancement of the LV indicating normal perfusion. Middle panel, Inducible perfusion defect
in the inferior walls (arrows) suggesting ischaemia in the right coronary artery territory. Right
panel, Widespread circumferential inducible perfusion defect of the subendocardium and

mesocardium typical of hypertrophic cardiomyopathy.

3.4.2.3. Infarction and viability

Myocardial infarctions (Mls) depicted by gadolinium-enhanced CMR show a remarkable
correlation with histological findings due to the high spatial resolution and contrast-to-noise
ratio (figure 3.16) [Kim 1999, Wagner 2003]. CMR has been shown to identify small Mls even
when wall motion and perfusion by nuclear imaging is normal (figure 3.16) [Wagner 2003,

Klein 2002, Ibrahim 2007]. This has important implications, because the presence of a M,
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whatever its size, is a strong and independent prognosticator in CAD [Kwong 2006]. Hence the
superior resolution makes CMR the best technique in discriminating viable from non-viable
myocardium. Myocardial viability estimated by CMR became a simple and effective way to
predict recovery of function following acute Ml and after revascularization [Kim 2000, Beek

2003]. The likelihood of functional recovery appears better discriminated by CMR when

compared to nuclear imaging techniques [Gutberlet 2005, Kiihl 20067].

o . - -
Figure 3.16. Comparison of 99mTc-sestamibi SPECT (left panel), contrast-enhanced CMR
(middle panel), and histological specimens (right) in animal models with myocardial
infarction. In these examples, CMR is able to visualise small infarcts (arrows) confirmed by

histology which were undetected by SPECT. Reproduced with permission from Wagner 2003.
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3.4.2.4. Right ventricular infarction

Extension of Ml to the RV portends a significant increase in hospital mortality [Zehender 1993,
Bueno 1997]. Like in the LV, RV myocardial infarction (RVMI) is more easily detected by CMR
than by conventional diagnostic techniques [Kumar 2006]. In addition, the presence of RVMI
by CMR is a sign of irreversible injury and persistent RV dysfunction [Kumar 2006, Masci
2010].These findings may be useful for risk stratification because both the extent of RVMI and
RV dysfunction measured by CMR have shown to independently predict adverse events in

patients presenting with Ml [Larose 2007, Miszalski-Jamka 2010, Grothoff 2012].

3.4.2.5. Coronary arteries

Imaging of the coronary arteries is one of the greatest challenges for CMR due to their small
size and constant motion throughout the cardiac and respiratory cycles. Despite the promising
results for the detection of CAD published over a decade ago [Kim 2001], this technique is still
limited by the low resolution and high propensity to motion artefacts due to the long
acquisition times when compared to the standard X-ray angiography [Sakuma 2006, Kato
2010], or even non-invasive CT angiography [Hamdan 2011]. Thus, the role of radiation free
CMR coronary angiography is currently limited to the assessment of congenital coronary

anomalies and coronary aneurysms [Chiribiri 2011].

3.4.3. Cardiomyopathies

Cardiomyopathies are a heterogeneous group of diseases of the myocardium associated with
architectural abnormalities and mechanical dysfunction. Our understanding of these diseases
has been facilitated by the use of CMR with late gadolinium enhancement (LGE), which
correlates with histological findings and thus permits in vivo characterization of the

myocardium. Hence, CMR is frequently used in the diagnostic evaluation of heart failure
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[McCrohon 2003, Casolo 2006], and in the characterization of specific types of

cardiomyopathies [Mahrholdt 2005], which will be briefly described below.

3.4.3.1. Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is defined as dilatation and dysfunction of the LV due to
primary myocardial disease. CMR offers reliable diagnosis of increased ventricular volumes
and reduced ejection fraction which can be normalized to body surface area, gender and age.
Mid-wall fibrosis, present in up to 30% of DCM patients [McCrohon 2003], is a predictor of
adverse outcomes, and independent of more conventional risk markers such as LVEF
[Assomull 2006, Wu 2008]. RV involvement is also present in about 30% of patients and has
been associated with worse outcomes in recent CMR studies (Bourantas 2011, Gulati et al,

submitted data).

3.4.3.2. Myocarditis

Diagnosis of myocarditis can be challenging as symptoms, ECG changes and troponin rises are
variable and often non-specific. LGE demonstrating areas of myocardial injury can be seen in
up to 95% of cases confirmed by histopathology [Mahrholdt 2004]. Characteristic patterns of
LGE affect the septal mid-wall and subepicardial lateral wall. LGE also appears to predict
adverse remodelling and long term outcomes after an acute episode of myocarditis

[Mahrholdt 2006, Griin 2012].

3.4.3.3. Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is thought to be the commonest inherited
cardiomyopathy with a prevalence of 1/500 individuals. CMR is helpful in confirming or
excluding HCM, especially in the apical and lateral walls, which are often poorly visualized by
echocardiography [Moon 2004, Rickers 2005]. Although the LV is predominantly affected,

involvement of the RV is present in one-third of patients, and useful to establish a final
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diagnosis [Maron 2007]. The presence of patchy mid-wall LGE and widespread perfusion
defects are typical of HCM, helping to differentiate from other forms of left ventricular
hypertrophy (figure 3.15 and 3.17) [Petersen 2007]. LGE is present in about two-thirds of HCM
patients, and has been associated with risk factors for sudden cardiac death, adverse
remodelling and outcomes [Moon 2003a, Adabag 2008, O’Hanlon 2010]. LV mass index
appears to be a more sensitive indicator of risk of death than peak wall thickness [Olivotto

2008], and may be used in the future as a potential prognostic marker.

3.4.3.4. Arrhythmogenic right ventricular cardiomyopathy (ARVC)

ARVC is one of the commonest causes of sudden cardiac death in the young [Basso 2009].
CMR is useful in the diagnosis of ARVC due to the superior depiction of the right ventricle
[Sen-Chowdhry 2004]. The possibility of tissue characterization allows detection of fibro-fatty
replacement, which is the histological hallmark of this condition [Tandri 2003, Tandri 2005].
Diagnosis accuracy appears to be high, especially when genotypic evaluation is available [Sen-
Chowdhry 2006]. Although this condition is traditionally associated with the RV involvement,
recent CMR studies have documented phenotypes with biventricular and predominant LV
involvement [Sen-Chowdhry 2007, Sen-Chowdhry 2008]. Hence, CMR is an important
modality in the assessment of ARVC and should be considered in all patients presenting with

tachyarrhythmias of RV origin.

3.4.3.5. Secondary Cardiomyopathies

The heart can be affected by a number of systemic conditions, such as sarcoidosis,
amyloidosis, Anderson-Fabry and other metabolic storage disorders, Chagas disease, muscular
dystrophies, and iron-overload cardiomyopathy. These patients are usually referred to CMR
when there is suspected cardiac involvement, although sometimes these conditions are
incidentally diagnosed in the evaluation of unexplained heart failure or left ventricular

hypertrophy. LGE imaging is extremely helpful in this setting, where infiltration or fibrosis
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depicted by LGE shows good correlation with endomyocardial biopsy [Smedema 2005,
Vogelsberg 2008]. Moreover, the presence and extent of LGE is usually associated with more
advanced forms of cardiomyopathy [Moon 2003b, Rochitte 2005, Silva 2007]. Thus, LGE can
detect the presence of cardiac involvement in these conditions, obviating the need for

invasive cardiac biopsies.

Figure 3.17. Diagnostic evaluation of left ventricular hypertrophy. Top row shows SSFP
images, and the bottom row shows LGE images. Left panels, Severe concentric hypertrophy
associated with mild LGE in the inferior and lateral walls (consistent with hypertensive heart
disease). Middle panels, Severe asymmetrical hypertrophy associated with extensive patchy
LGE of the insertions points (typical of hypertrophic cardiomyopathy). Right panels, Severe
asymmetrical hypertrophy with diffuse LGE (more pronounced in subendocardium and

subepicardium) and dark blood pool (pathognomic of cardiac amyloidosis).
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Iron overload cardiomyopathy is the peculiar condition in this group of systemic diseases
because diagnosis by CMR is not based on the presence of LGE [Kirk 2011], but rather by
documentation of iron deposition in the myocardium. This is possible by assessment of T2*
relaxation, which is inversely related to tissue iron concentration [Carpenter 2011]. CMR has
the unique ability of investigating iron deposition and ventricular function at the same time
[Anderson 2001], and has contributed to the significant decline in mortality from iron-

overload cardiomyopathy in the United Kingdom [Modell 2008].

3.4.4. Valvular heart disease

Whilst echocardiography is the first line imaging modality for valve disease, CMR can be an
option when transthoracic acoustic windows are poor and a transoesophageal approach is
undesirable, or when results of echocardiography and catheterization are conflicting [Cawley
2009]. Direct visualization of all valves and accurate flow measurements, either by volumetric
or flow mapping methods, are important components of this technique [Christiansen 2011].
Valve stenosis quantification by planimetry or peak flow velocity is technically possible for all
valves. Direct planimetry of the aortic and mitral valves is reproducible and comparable with
both echocardiographic and cardiac catheterization estimations [Lin 2004, Kupfahl 2004,
Djavidani 2005, Reant 2006]. Assessment of valve regurgitation by flow mapping or planimetry
of the regurgitant orifice is feasible and accurate for the aortic and pulmonary valves [Debl
2007, Kilner 2007]. For the mitral and tricuspid valves, regurgitation can be quantified by
combining ventricular volumetric analysis with velocity mapping data [Chan 2008, Masci
2008]. Volumetric analysis is considered to be the reference standard, which is extremely

useful for the follow-up and management of regurgitant lesions [Maurer 2006]. Although
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rarely used for the diagnosis of endocarditis, CMR can be helpful in assessing myocardial

extension and to defining surgical intervention.

3.4.5. Pericardial disease

CMR can complement the information given by echocardiography in the evaluation of the
pericardium [Dawson 2011]. Pericardial effusions can be easily visualized and differentiated
from mediastinal fat or pleural effusions. Moreover, CMR has the advantage of assessing
complex or loculated effusions and determining fluid content. Signs of cardiac tamponade,
such as chamber collapse or exaggerated respiratory flattening of the ventricular septum, can
also be assessed. Pericardial thickening and inflammation can be characterized and quantified
for the evaluation of pericarditis [Taylor 2006]. Adherence of the myocardium to the
pericardium and signs of ventricular interdependence can be additionally assessed for
diagnosis of constrictive pericarditis [Kojima 1999, Giorgi 2003]. The combined use of LGE can
differentiate constrictive pericarditis from restrictive cardiomyopathy. CMR can also predict
the response to medical therapy in constrictive pericarditis as well as planning for surgical
therapy [Feng 2011]. Pericardial cysts are easily recognized and usually preclude the need of

an invasive diagnostic procedure.

3.4.6. Congenital heart disease

A growing application of CMR is in congenital heart disease (CHD), which reflects the
increasing number of patients surviving into adulthood due to advances in medical care and
surgical interventions. CMR is most useful in complex CHD, where echocardiography is limited
by the intrinsically abnormal cardiac arrangements and distorted thoracic anatomy.

Advantages of CMR over echocardiography include a wider field of view allowing visualization
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of all thoracic structures, more accurate ventricular assessment, and more precise flow
measurements. CMR is frequently indicated to assess structures not clearly visualized by
echocardiography, such as the RV and the pulmonary vessels. Moreover, the pulmonary and
aortic flow ratio (Qp/Qs) measured by flow mapping can confidently quantify any particular
shunt. Patients with CHD often have right-sided cardiac disease, which has a negative impact
on long-term outcomes [Warnes 2009]. By determining the severity of the congenital lesions
and quantifying their impact on the RV, CMR can be particularly useful in the planning and
timing for both palliative and corrective surgical procedures [Therrien 2001, Buechel 2005,

Oosterhof 2007].

3.4.7. Cardiac masses

The possibility of 3D imaging and tissue characterization makes CMR one of the most
important techniques in the evaluation of suspected or confirmed cardiac masses [Butany
2005, Fieno 2006, Burke 2008]. CMR is particularly helpful in determining the relationship of
the mass with adjacent intra-cardiac and extra-cardiac structures. The use of multiple
sequences, coupled with the use of gadolinium, provides information on tissue composition,
vascularity, necrosis and fibrosis, and may point towards a specific diagnosis, or help with the
clinical management [Srichai 2006, Hoffmann 2003, Fussen 2011]. Thus, CMR yields important

information for the diagnosis, management, and follow-up of cardiac masses.

3.4.8. Great vessels

CMR is well established for the evaluation of a wide range of vascular diseases. Contrast

enhanced magnetic resonance angiography (figure 3.18) can visualize the lumen of the aorta
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and major branches [Neimatallah 1999] with similar diagnostic accuracy [Nienaber 1993] and

superior cost-effectiveness compared to conventional angiography [Berry 2002].

Figure 3.18. Aortic coarctation. Shaded surface display of contrast-enhanced angiogram of
the thoracic aorta showing severe aortic coarctation (red arrow) with extensive collateral

circulation (white arrows). Courtesy of Professor Raad Mohiaddin.

Besides angiography, the wide variety of soft tissue contrast available to CMR can be applied
to assess features of the vessel wall such as thrombus, hematoma, inflammation, and
atherosclerosis [Nienaber 1995, Bogaert 1997, Choe 1999]. Velocity mapping can be used to
assess blood flow, providing additional functional information [Cigarroa 1993, Mohiaddin
1994]. The versatility of CMR has made an important imaging modality for the evaluation of

the thoracic and abdominal aorta disease, where the lack of radiation or the need of iodinated
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contrast agents is an advantage for serial follow-up studies. Angiography of the pulmonary
arteries is possible, but does not appear as accurate as CT angiography, especially for the
smaller peripheral pulmonary arteries [Gupta 1999]. Of growing interest is pulmonary venous
angiography prior to ablation of atrial fibrillation, which combined with evaluation of atrial

fibrosis may predict arrhythmia free survival [Peters 2009].

3.4.9. Pulmonary hypertension

This entity comprises a heterogeneous group of conditions leading to increased pulmonary
vascular resistance and pulmonary artery pressure [Simonneau 2009]. CMR can be helpful for
the diagnosis of some of these conditions, especially those of cardiac origin. Nonetheless,
CMR is most used for assessing the consequences of pulmonary hypertension on the RV, since
the pulmonary vascular system and the RV work as a functional unit [Champion 2009]. It has
been demonstrated that CMR measurements of RV structure and function correlate with
disease severity and prognosis of pulmonary hypertension [van Wolferen 2007]. CMR can also
monitor response to treatment, as several studies reported the positive effects of medical
[Roeleveld 2004, van Wolferen 2006] and surgical therapy [Kasimir 2004, Reesink 2007] on RV
structure and function [Bradlow 2012]. Several haemodynamic markers of pulmonary
hypertension have been proposed based on flow imaging [Kondo 1992, Mousseau 1999,
Reiter 2008, Nogami 2009] and distensibility of the pulmonary arteries [Bogren 1989, Laffon
2001]. However, the lack of validation of these indices hinders CMR in measuring pulmonary
artery pressures [Roeleveld 2005], which are routinely assessed by Doppler echocardiography

or right heart catheterization.
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3.4.10. Limitations

Despite providing the most comprehensive information, CMR is an expensive technique and
not readily available in most institutions. Image acquisition is technically challenging and
image interpretation requires adequate training. In CMR studies, scans times are relatively
long, patients have to lie flat, and monitors or other electronic devices inside the magnet
room have to be MR-compatible. Therefore, CMR is not suitable for the very unstable patient
and should be avoided in these patients if other studies can give similar information.
Claustrophobia can be problematic, but with reassurance and rarely the use of mild sedation,
only 1% of patients are unable to tolerate the scan [Francis 2000]. Despite pacemakers and
implantable electronic devices being regarded as contra-indications, CMR can potentially be
safely performed in experienced centres when appropriate precautions are taken [Nazarian
2006, Naehle 2009]. Nevertheless, a new generation of electronic devices has been specifically
designed to be MR-compatible, as a result of the growing need for MRI scans. With the
possible exception of intracerebral devices, metallic implants are usually safe. Further
information on safety can be found in specific statements [Levine 2007] or in dedicated

websites (e.g. www.mrisafety.com). Finally, in patients with end-stage renal failure,

gadolinium based contrast agents should be used with caution due to the potential risk of
nephrogenic systemic fibrosis [Perazella 2008], although this has been greatly mitigated by

the advent of the more stable contrast agents using cyclic chelation molecules.

3.4.11. Conclusions

CMR currently offers the most comprehensive cardiovascular information of all imaging
techniques. Extensive research in the last decade has validated this technique in several

clinical settings and supports its use in daily practice. However, lack of availability, medical
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training and cost constrains a more widespread use of this technique. Further studies, in
particular prospective multi-centre trials, are needed to embrace CMR in routine clinical
management. Thus, future challenges for CMR include the development of strategies that will
allow health care systems to benefit from the increased diagnostic accuracy, improved risk

assessment and therapeutic decision making [Alpendurada 2009a].
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CHAPTER 4: METHODS

The methods employed in each published work are summarized in table 4.1. All papers
involved calculation of RV volumes and ejection fraction. RV mass was also calculated in two
papers on thalassaemia major (TM). These parameters were compared with LV volumes,
ejection fraction and mass in most papers. More specific sequences were used in addition to
the information provided by the standard steady state free precession cine images. Phase
contrast gradient echo sequences allowed flow quantification in Marfan syndrome. T2*
gradient echo images were used to determine iron concentration in TM. Finally, contrast
imaging with gadolinium was acquired to assess myocardial fibrosis and infarction in the
Marfan and CRT populations. General considerations about the methods used are discussed
below. More detailed descriptions (including study design and statistical analysis) can be

found in the published articles from chapters 5 to 9.

Table 4.1. Methods used in the works according to pathology.

Marfan ™ CRT
Volumes X X X
Flows X
T2* X
LGE X X

TM- thalassaemia major; CRT- cardiac resynchronization therapy; LGE- late gadolinium

enhancement.
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4.1. RIGHT VENTRICULAR VOLUMES

Under ideal conditions, RV contractile function would be determined through use of high-
fidelity pressure catheters, continuous measurement of RV pressure-volume curves, and
manipulation of loading conditions using vasoactive drugs or balloon occluders placed in the
vena cavae [Dell’ltalia 1988b, Redington 1988]. Because these methods are technically
challenging, simpler non-invasive measurements are more commonly employed. Despite
providing useful clinical information, these simpler measurements may not directly reflect
underlying RV performance and may be misleading in abnormal loading conditions [Greyson

2008].

e SV _ EDV-ESV
EDV EDV

Figure 4.1. Mathematical equation of ejection fraction. Ejection fraction is the volumetric
fraction of blood ejected by the ventricle per heart beat. EF- ejection fraction; SV- stroke

volume; EDV- end-diastolic volume; ESV- end-systolic volume.

Among all indices of RV function, ejection fraction (EF) is the most established one in the
medical community, because its concept is simple, easy to apply, and available to all imaging
modalities (figure 4.1). Despite the reported influences by loading conditions, EF has been
extensively validated for diagnostic and prognostic purposes [Carabello 2002]. In the available
consensus statements, EF is the only specified marker for the diagnosis and classification of
heart failure [McMurray 2012], and the only performance marker used for the clinical
management of coronary and valvular heart disease [Antman 2008, Bonow 2008, Anderson

2011, McMurray 2012]. It is noteworthy that the EF mentioned in these documents is for the
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LV. Conversely, EF of the RV is hardly mentioned in any of the guidelines, even in those where
the RV assumes a dominant role, such as in congenital heart and pulmonary vascular disease
[Warnes 2008, Galie 2009, Baumgartner 2010]. This also applies to other markers of RV
function, which are not mentioned in the guidelines at all. There are two main reasons why RV
measurements are under-represented in the consensus documents. The first reason relates to
the lack of validation by large multicentre trials. This is especially true for congenital and
pulmonary vascular disease, which comprise uncommon and heterogeneous conditions.
Despite the foreseeable challenges in patient recruitment, further studies are still needed to
define optimal RV cut-offs for the diagnosis and management of these conditions. The second
reason relates to the fact that RV measurements tend to be more variable [Caudron 2012]. As
opposed to the elliptical LV, the shape of the RV is much more complex and cannot rely on
one- or two-dimensional geometrical assumptions [Pfluger 2010]. In addition, the heavily
trabeculated RV myocardium with a relatively thin free wall poses a special challenge for all
imaging techniques. For CMR, these limitations are minimised by the 3D visualization of the
heart and superior image quality. Thus, CMR is valued as the most accurate and reproducible
technique for the assessment of the RV [Longmore 1985, Jauhainen 1998, Mertens 2010]. As
CMR scanners are becoming increasingly more available, it is likely that the current and
ongoing research will strengthen the use of CMR derived measurements. RV volumes and EF
measured by CMR are therefore expected to become more recognized in the guidelines and

integrated in the clinical care pathways.

Estimation of ventricular volumes in this thesis comprised acquisition of a contiguous stack of
short-axis cines from base to apex. The cine sequence used was the steady state free
precession, which permits good temporal and spatial resolution and excellent contrast
between the blood and the myocardium. Typical parameters of the cine sequence are

presented in table 4.2. Ventricular volumes and mass were determined by planimetry for each
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slice and summed for the whole ventricle by using a semi-automated analysis software CMR
tools (Cardiovascular Imaging Solution, London, UK), an in-house developed programme
(figures 5.1, 7.1, and 9.1). Volume analysis follows three steps. Firstly, both LV and RV
epicardial and endocardial borders were delineated in the short-axis slices at end-diastole and
end-systole. Then, thresholding of the blood pool was adjusted in order to include the
papillary muscles and trabeculations in the ventricular mass calculation. Finally, tracking of the
mitral and tricuspid valve planes in both end-diastole and end-systole ensured that any blood
signal from atria was excluded from the ventricular volume calculation. Any blood pool signal
above the aortic and pulmonary valves was also excluded from the ventricular volume using
the endocardial contour definitions. The final results represented the sum of the volumes of
each individual slice based on the Simpson’s rule, bearing in mind that the myocardial mass
was derived from the myocardial volumes multiplied by the density of the myocardium
(x1.05g/mL). LV and RV parameters were indexed to body surface area (BSA) as determined

by the Mosteller formula [Mosteller 1987].

There are some technical considerations that are worth being mentioned, as there is still no

consensus on how RV analysis should be performed.

a) Slice thickness

Although the traditional CMR cine images are displayed in 2D pixels, the original signal
information is actually made of 3D anisotropic voxels, where the slice thickness is substantially
larger than the in-plane dimensions. By increasing the slice thickness, a larger amount of
protons will be excited, thereby increasing the signal-to-noise ratio of the 2D image. Typical
in-plane diameters were around 2.0-2.5mm in our studies, whereas the slice thickness was
about 7mm. The interval between slices was 10mm, meaning that there was a 3mm

uncovered gap between the slices. This 7mm slice thickness/3mm slice gap approach was



Chapter 4 Page 83 Methods

comparable to 6mm slice thickness/4mm gap and with 7mm slice thickness/no gap protocols
for determining volumes, ejection fraction and mass [Hogan 2007]. Thus the 7mm slice
thickness/3mm slice gap approach is feasible, with the additional advantage of allowing for a
lower number of slice acquisitions and shorter acquisition times. Although the findings of the

above study refer to the LV, similar results are expected for the RV.

Newer 3D high resolution data acquisition techniques have the potential to permit full
volumetric coverage of the ventricles with high image quality [Greil 2007]. Algorithms have
been developed to acquire a single dataset with high 3D isotropic resolution and full
biventricular coverage within one breath-hold [Jahnke 2007b]. These new techniques enable
accurate assessment of LV and RV parameters when compared to standard multiple breath-
hold acquisition, and may be used in the future allowing for significant reductions in scanning

acquisition times.

b) Slice orientation

Volume measurement in the short-axis stack can be challenging, especially for the basal slices,
where it is difficult to differentiate the atrial from the ventricular borders due to the through
plane motion occurring during the cardiac cycle. This is especially true for the RV, where
longitudinal motion plays an important role towards RV contraction. It has been suggested
that orientating the ventricular acquisition axially [Alfakih 2003, Fratz 2009] or perpendicularly
to the long-axis of the RV [Strugnell 2005] would circumvent these problems (figure 4.2)
[Bradlow 2012]. Whilst these approaches appear to improve interobserver variability
compared with the conventional short-axis planimetry measurements, they have not been
adopted more widely. Short-axis acquisition is still more popular because it allows for better

assessment of the ventricular wall morphology and regional function. Short-axis
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measurements have also been more extensively validated regarding reference values

[Maceira 2006, Kawut 2011].

Figure 4.2. Manual planimetry of a normal right ventricle at end-diastole. The top panel

shows the trans-axial orientation, while the bottom panel shows the short-axis orientation.
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c) Valve plane

Trans-axial acquisition appears more reproducible to the short-axis acquisition because the
tricuspid valve can be easily delineated, therefore separating the RA and RV cavities more
accurately. This important limitation of the short-axis acquisition can be overcome by defining
and tracking the tricuspid and pulmonary valve planes. Commercially available software can
delineate the valve planes in the long-axis views, and integrate the spatial information into
the volumetric acquisition, thereby excluding the volumes corresponding to the RA, and only
obtaining the volumes pertaining to the RV. This is of critical importance for the RV, especially
because of its characteristic morphology with a triangular shape and a broad base. Short-axis
image acquisition corrected for the valve planes has been shown to have good intraobserver
and interobserver variability [Maceira 2006], a finding that was further substantiated by this
thesis. Therefore, either the trans-axial or the short-axis approach (preferably with valve
correction) can be used for volumetric analysis, as long as the operator is experienced and the

method validated.

d) Trabeculations

For volume measurements, there is controversy on whether the trabeculae and papillary
muscles should be included in the RV cavity or in the RV myocardium (figure 4.3). This may be
relevant for certain conditions where volumes are pivotal to define the optimal surgical timing
[Buechel 2005, Oosterhof 2007]. Inclusion of trabeculae in the calculation of RV volumes
results in faster analysis and higher volumes, whereas excluding trabeculations results in
longer processing times and lower volumes [Winter 2008]. Nonetheless, it is still not known
which method is more reproducible as previous publications on the subject showed different
results [Winter 2008, Bradlow 2010]. Manual planimetry offers better control over delineation

than semi-automated analysis, reflected in improved interobserver reproducibility [Bradlow
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2010]. However, it is time consuming and not entirely appropriate in the routine clinical

setting [Bradlow 2012].

In our centre, the papillary muscles and trabeculae are included in the total RV mass.
However, RV mass is not routinely performed in the clinical setting because measurements
can be highly variable [Bradlow 2010]. Combined volumetric assessment is usually performed

by semi-automated analysis and takes around 10 minutes to complete.

Figure 4.3. Manual planimetry of a normal right ventricle at a mid-ventricular slice. The left
panel includes trabeculations, whilst the right panel excludes trabeculations for the final right

ventricular volumes.
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Table 4.2. Basic properties of the sequences used in the thesis.
Volumes Flows T2* LGE
Steady state Spoiled Spoiled Spoiled
Sequence
free precession  gradient echo gradient echo gradient echo
Opposite
gradient pulses 180° inversion
Modifier - in the velocity - recovery
encoding prepulse
direction
Field of view read 300-400mm 300-400mm 400mm 300-400mm
Field of view phase  60-75% 60-75% 50-75% 60-75%
TR (ms) 40.2 61.1 101 700
TE (ms) 1.1 3.1 2.6-16.7 3.2
Base resolution 192 256 256 256
Phase resolution 100% 50% 50% 60%
Slice thickness 7mm 6mm 10mm 8mm
Flip angle 70° 25° 35° 20°
Bandwidth,
930 391 810 230
Hz/pixel
Phases/cycle 25 25 - -

4.2. FLOW MEASUREMENTS

Imaging of blood flow within the heart and blood vessels was one of the first MRI
developments for the cardiovascular system [Nayler 1986]. Since initial validation and
application reports [Firmin 1987, Underwood 1987], flow imaging has evolved over the years
owing to improved hardware and software performance, and is now an established
application for the evaluation of vascular, valvular and congenital heart disease [Firmin 2010,

Myerson 2012].
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Velocity imaging is based on a modified spoiled gradient echo sequence with two opposing
gradient pulses separated by a time offset. These additional gradients are known as velocity-
encoding gradients and are responsible for the phase contrast. For protons in a static tissue,
the effects of these two gradients will cancel out each other, and hence the phase of the spins
will remain the same. Conversely, if the protons are moving between the velocity-encoding
gradients, they will leave a phase shift that is proportional to the velocity along the direction
of the applied gradients [Gatehouse 2005]. The resulting image is called velocity-sensitive
phase image. A reference phase image is acquired at the same time to remove uncontrolled
phase errors due to magnetic field inhomogeneities and to ensure that only velocity phase
shifts in the desired direction are detected [Biglands 2012]. Subtracting the reference phase
image from the velocity-sensitive phase image makes the phase-contrast velocity image
[Gatehouse 2005]. The resulting image acts as a velocity map, where signal intensity of each
individual pixel reflects tissue velocity rather than tissue composition. Velocity maps are
generally displayed using a grey scale. Stationary tissue will appear as mid-grey pixels (zero-
value velocity), with increasing positive velocities appearing as brighter pixels (towards white),

and increasing negative velocities appearing as darker pixels (towards black) [Biglands 2012].

Flow measurements by CMR are accurate and extremely reliable because of the consistent
image quality and multiplanar acquisition [Kondo 1991]. Image planes can be perfectly aligned
with the flows, and the measured velocity can be defined along any desired of the three
gradient directions. Flows can be calculated by delineating a region of interest around the
lumen of the blood vessel along all frames of the cardiac cycle. Each pixel within the region of
interest contains information about the instant velocity at a particular point of the vessel and
at a particular time of the cardiac cycle. The sum of the pixels in the dominant signal (positive
or negative) will permit calculation of the forward and backward flows. Regurgitant fraction

can be estimated by dividing the backward flow by the total forward flow. The output through
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a vessel can also be quantified by dividing the net forward flow by the estimated R-R interval

used for image acquisition. Finally, flow curves can be displayed by deriving the integral of all

the pixel information along the cardiac cycle (figure 4.4).

Magnitude

Reference Phase Contrast
scan Velocity Map
Velocity-
encoded
scan

Figure 4.4. Flow imaging acquisition. Magnitude and phase images are reconstructed from
the reference scan (top row) and also from the velocity-sensitive scan (bottom row). The
phase images are subtracted to make the phase contrast velocity image. Reproduced with

permission from Gatehouse 2005.

The basic principles described above about flow image acquisition and quantification have
been successfully applied into clinical practice. Phase contrast velocity mapping of volume
flow over the great arteries theoretically provides the most accurate measurements of cardiac
output [Kilner 2007], shunt flow [Petersen 2002, Colletti 2005], and aortic or pulmonary
regurgitation [Rebergen 1993, Gelfand 2006]. Aortic and pulmonary flow data when combined

with left and right ventricular volume measurements can estimate the severity of mitral and
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tricuspid regurgitation, respectively [Hundley 1995, Kon 2004, Gelfand 2006]. In addition, the
peak velocity within the flow column can be measured for quantification of valvular and non-

valvular stenoses [Caruthers 2003, Lin 2004].
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Figure 4.5. Flow imaging of the aortic valve in a patient with aortic regurgitation. Aortic flow
curves are derived from flow images. Corresponding cine images in mid-systole and mid-

diastole are displayed for reference.

Phase contrast imaging was used to estimate the severity of aortic and mitral regurgitation in
the Marfan article. Typical parameters for this sequence are displayed in table 4.2. Aortic
regurgitation was quantified from the through plane images over the aortic root close to the
level of the sinotubular junction, while mitral regurgitation was quantified from the difference
of total LV stroke volume minus the aortic forward flow thus giving the regurgitant volume
through the mitral valve [Kilner 2007]. Tricuspid and pulmonary regurgitation were not

displayed in the article because there were no cases of significant right-sided valve disease.
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4.3. T2* GRADIENT ECHO

The story of the T2* imaging is an extraordinary example on how a limitation in magnetic
resonance imaging can turn into a valuable application. To ensure optimal image quality, the
magnetic field has to be as homogeneous as possible. Metal implants, such as stents, clips or
wires can disrupt the local magnetic fields and produce artefacts. These artefacts depend on
the type of metal and pulse sequences used, and can compromise the diagnostic quality of the
study. At a microscopic level, metal deposits in tissues can also alter the local magnetic fields
and cause signal loss [Stark 1991]. By creating pulse sequences most vulnerable to magnetic
susceptibility artefacts, it was hypothised that iron could be detected in tissues and eventually
guantified. This was the rationale behind the development of T2* imaging for the evaluation
of iron loading [Anderson 2001]. Ten years on, the substantial evidence collected has
established T2* as the technique of choice for assessing iron in the heart [Wood 2009,

Carpenter 2011].

T2* relaxation refers to the decay of transverse magnetisation caused by a combination of
spin-spin interaction and magnetic field inhomogeneity. This type of relaxation is only seen
with gradient echo sequences because transverse relaxation caused by magnetic field
inhomogeneities is eliminated by the refocusing pulse on spin echo sequences [Chavhan
2009]. Gradient echo sequences can be made predominantly T2* weighted by using a low flip
angle, a long repetition time, and a long echo time [Nitz 1999].

Magnetic field inhomogeneities from susceptibility differences among tissues and materials
may occur at macroscopic and microscopic levels. Macroscopic inhomogeneity can be induced
by deoxyhaemoglobin in veins, by air-tissue interfaces, and by metallic implants. Causes of
microscopic inhomogeneity include paramagnetic contrast agents, blood products, and iron
deposits [Chahvan 2009]. Interaction between iron and adjacent protons causes dephasing of

transverse magnetisation in iron laden tissues, leading to signal loss on gradient echo images
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[Gossuin 2004, Chavhan 2009]. This effect was found to be concentration dependent [Alustiza
2004, Wood 2008]. Thus, T2* is inversely related to the iron concentration in tissues, with
increasing concentrations of iron particles resulting in faster T2* relaxation times and shorter

T2* values.

TE=2.60 TE = 6.64 TE=10.68 TE=16.74

Figure 4.6. Images of a mid-ventricular short-axis slice at increasing echo times (TE) after an
initial rf pulse. The myocardium becomes progressively darker as T2* decay occurs. Courtesy

of Dr John-Paul Carpenter.

The original T2* method for determining iron concentration consisted on the acquisition of
several images of the same short-axis slice at different echo times (figure 4.6). The signal
intensity of each image would then be plotted against time, generating a curve from which a
T2* value could be calculated (figure 4.7) [Anderson 2001]. T2* measurements are accurate in
determining iron concentrations and have been validated against liver biopsies [Anderson
2001, St Pierre 2005], and animal and human hearts [Wood 2005, Ghugre 2006a]. More
recently, T2* CMR has been calibrated against iron concentration in ex-vivo human hearts

[Carpenter 2011].
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Figure 4.7. T2* calculation. Left panel, An optimal region of interest is chosen in the
interventricular septum of a mid-ventricular slice. Right panel, The signal intensity is plotted
for each echo time. A mono-exponential trendline is fitted to derive a T2* value of 9.72ms,

which indicates severe cardiac iron loading. Courtesy of Dr John-Paul Carpenter.

With the development of newer scanners with faster gradients, refinements to the original
method have resulted in a multi-echo sequence able to acquire several images within a single
breath-hold [Westwood 2003a]. This new sequence, which is in use today, has significantly
reduced the acquisition time as well as minimising motion or position artefacts. T2* has
shown to be reliable and robust, demonstrating good intraobserver, interobserver, interstudy
and interscanner reproducibility [Westwood 2003a, Westwood 2003b, Tanner 2006, He 2007,

Kirk 2010].

From initial experience, the lower limit of normal for myocardial T2* was determined at 20ms.
This value was derived from the lower 95% confidence interval for healthy volunteers
[Anderson 2001]. Although in retrospect it would have been more appropriate to describe the
logarithmic variable T2* as geometric mean and coefficient of variability, the 20ms cut-off is
easy to remember and has been adopted worldwide. Values above 20ms thus represent

normality, whilst values below 20ms represent myocardial iron loading. With increasing iron
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overload, there is an increased risk of complications. A cross-sectional report showed that
most patients presenting with heart failure had T2* values below 10ms [Tanner 2005]. The
same value of 10ms was strongly predictive of arrhythmia and heart failure in a subsequent
longitudinal study [Kirk 2009]. As a result of these clinical observations, a risk scale has been
proposed, with T2* levels >20ms indicating low risk, T2* 10-20 ms indicating intermediate

risk, and T2* levels <10ms indicating high risk of cardiac complications [Kirk 2009].

TR

J\JRF pulse \ﬂj

&

E
o / \ / \ / \ / \ / \
3 .
@
g [
T2
@
C 3 H YA — aa A T A—a A L TITUIA—a A F HTH TN AT VW —— A T e e — — = — =
=@
[1)]
TE
D] = >8

Figure 4.8. Single breath-hold multiecho T2* sequence. A series of continuous dephasing and

rephasing gradients generate a train of multiple echoes. Courtesy of Dr Gill Smith.

The T2* method used in this thesis was based on the modified single breath-hold spoiled
gradient echo sequence with multiple echo times [Westwood 2003a). A short-axis mid-
ventricular slice was acquired immediately after the R wave trigger to minimise blood flow
and myocardial motion artefact (table 4.2). This sequence generated a series of eight images

with a range of equally spaced echo times from 2.6 to 16.7 ms (figure 4.8) [Westwood 2003a].
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From this single breath-hold sequence, a series of images at different echo times after the
initial rf pulse was generated. Myocardial T2* was measured from a full-thickness region of
interest in the interventricular septum (routinely chosen to avoid contamination artefacts
from the cardiac veins, liver, and lungs). T2* decay was calculated using a semi-automated
analysis software (Thalassaemiatools, Cardiovascular Imaging Solutions, London, UK). For T2*
analysis, the mean signal intensity of each image was plotted against the echo time. The T2*
value was then calculated from the resulting exponential decay curve. To correct for
background noise, a truncation method was used as previously described (figure 6.5) [He

2008].

As mentioned above, measurements of myocardial T2* were restricted to the interventricular
septum, as the LV and RV free walls are affected by in vivo artefacts arising from the
deoxygenated blood in the coronary veins and from interfaces between the myocardium and
the chest wall, lungs, diaphragm and liver. Some authors have questioned the septal approach
to estimate whole-heart iron, and suggested that global T2* measurements of the LV could be
a better indicator of myocardial iron burden [Pepe 2006a, Positano 2009]. However, a recent
calibration study concluded that both iron and T2* measured in the mid-septum are highly
representative of their respective global myocardial values, thus supporting the routine use of

septal T2* in the assessment of global myocardial iron loading [Carpenter 2011].

4.4, LATE GADOLINIUM ENHANCEMENT

The advent of gadolinium based contrast agents (GBCAs) was arguably one of the most
important breakthroughs in CMR. Gadolinium (Gd*) is a rare metal in the lanthanide series
with seven unpaired electrons in the outer shell, the most of any element. In an MRI

environment, local field interactions between the unpaired electrons of the Gd* ion and the
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hydrogen nuclei within adjacent water molecules will cause a shortening in both the T1 and T2
times of the surrounding tissues [Biglands 2012]. This unique paramagnetic property was the
background for the use of gadolinium in MRI. Because gadolinium is toxic in its free form, it
has to be bound to a chelating agent for clinical use. These agents are small enough to leak
through the capillaries from the vascular into the extracellular space, but not through the cell
membranes into the intracellular space [Biglands 2012]. In the normal myocardium, where the
myocardial cells are tightly bound together, gadolinium is barely seen because the
extracellular space is small and the contrast wash-out relatively rapid. Conversely, when there
is myocardial cell death or an increase of the interstitial space from any cause, the
extracellular volume of distribution expands allowing for the gadolinium to accumulate (figure
4.9). Accumulation of GBCAs in the diseased myocardium is best imaged by CMR at least 10
min after injection, and is therefore termed late gadolinium enhancement (LGE) [Alpendurada

2008a].

Normal myocardium Acute infarction Scar

9%

—_—

Q%

<
€
e

268

Intact cell membrane Ruptured cell membrane Collagen matrix

Figure 4.9. Distribution of gadolinium in the normal and abnormal myocardium. Reproduced

with permission from Kim 2003.
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Experimental animal studies showed a remarkable correlation between LGE images and
histology for myocardial infarction [Kim 1999, Simonetti 2001]. Subsequent reports confirmed
the superior ability of CMR to detect myocardial infarcts when compared to other imaging
modalities [Wagner 2003, Ibrahim 2007]. The use of gadolinium was later extended to the
diagnosis of heart failure, where two distinct patterns of enhancement have emerged:
subendocardial enhancement patterns were associated with myocardial infarcts and coronary
artery disease, whereas mid-wall and subepicardial enhancement patterns were typically
associated with myocardial fibrosis in cardiomyopathies [McCrohon 2003, Soriano 2005].
Attention then turned to individual cardiomyopathies, where particular patterns of LGE were
found in certain heart conditions [Maceira 2005, Smedema 2005, Mahrholdt 2005]. After the
initial diagnostic and histological validation, more recent works have demonstrated the
prognostic value of LGE in predicting adverse events such as arrhythmias, heart failure and
death [Assomull 2006, Adabag 2008, Wu 2008, lles 2011]. In summary, this technique allows
for direct interrogation of the myocardium without the need of invasive procedures, and has
become the diagnostic method of choice in a wide range of myocardial conditions [Hundley
2010]. However, further prognostic studies are necessary to document the role of LGE

techniques for risk stratification and clinical decision making.

Like all the landmark studies described above, the LGE protocol in this thesis stems from the
original concept developed by Simonetti and co-workers. Post-contrast imaging is based on a
T1-weighted fast spoiled gradient echo sequence with a 180° inversion recovery prepulse
[Simonetti 2001]. Importantly, the time between the inversion recovery pulse and the image
acquisition, which is called inversion time (Tl), is specifically chosen to null the signal of the
normal myocardium after contrast administration (figure 4.10). Tissues containing gadolinium
will have shorter relaxation times and hence will appear bright in a T1 weighted sequence

when compared to the dark remote myocardium. This constitutes the principle of gadolinium
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enhancement. Optimal conditions to observe this effect are with gadolinium doses of 0.1-0.2
mmol/kg given intravenously and an ideal time of 10 minutes after injection to maximise the

contrast between the abnormal and normal myocardium and the ventricular cavities.
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Figure 4.10. Inversion recovery and gadolinium enhancement. Inversion-recovery sequences
use a 180° prepulse to invert the net magnetisation vector (M,). At optimal inversion time (T1),
normal myocardial signal will be nulled (black line and arrow), while myocardium containing

gadolinium will have shorter T1 relaxation and return high signal (red line and arrow).

Contrast imaging was performed in two of the studies in this thesis (figure 4.1). Typical
parameters are displayed in table 4.2. Image acquisition was set up for mid-late diastole to
minimise cardiac motion artefacts, while the Tl was manually adjusted between 300-440ms to
suppress the signal from the normal myocardium. For the Marfan study, LGE was deemed
positive if present in two short-axis images at different phase encoding directions plus a cross-

cut long-axis image [Assomull 2006]. For the cardiac resynchronization therapy study, in
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addition to the qualitative analysis described above, gadolinium enhancement was measured
by a customised software (Qmass, Medis, Leiden, the Netherlands). Gadolinium quantification
was based on the LGE short-axis images and relied on the following steps. Firstly, the LV
epicardial and endocardial borders were manually traced for each short-axis slice from base to
apex. Secondly, a region of interest averaging 50mm?” was defined within an area of normal
myocardium. Thirdly, a separate region of interest was defined from the most enhanced area
[O’Hanlon 2010]. Myocardial enhancement was identified by the “full width at half maximum”
(FWHM) criterion, where areas with signal intensity >50% of the maximum signal intensity
were classified as enhanced [Amado 2004]. The extent of myocardial enhancement was finally
qguantified and displayed as a percentage of the LV mass. Although LGE measurements are
known to be reproducible [Mahrholdt 2002], there is still no consensus about the best
method for LGE quantification [Welinder 2011, Vermes 2013]. The FWHM criterion for LGE
guantification was chosen for this thesis because it appears to be the closest one to manual

planimetry from personal experience.
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CHAPTER 5: EVIDENCE FOR M ARFAN CARDIOMYOPATHY

5.1. ABSTRACT

Aim: Marfan syndrome is an inherited connective tissue disease which frequently involves the
cardiovascular system. The heart can be affected since valvular regurgitation is a common
complication. However, there is still debate whether a primary cardiomyopathy exists. Our
aim was to evaluate the existence of a Marfan-related cardiomyopathy using cardiovascular

magnetic resonance.

Methods and results: We retrospectively evaluated 68 consecutive adult patients with no
cardiovascular surgery or significant valvular regurgitation. Left ventricular (LV) and right
ventricular (RV) volumes, ejection fraction (EF) and mass were estimated and compared with
published data on a healthy control population. Patients were also assessed for heart failure,
aortic dimensions and valve disease. One quarter (25.0%) of Marfan patients had reduced
LVEF, with 25.0% having increased LV end-diastolic and 30.8% having increased end-systolic
volumes. The RVEF was reduced in 10.3%, with increased RV end-diastolic volumes in 11.8%
and increased end-systolic volumes in 13.2%. On univariate analysis, no association was found
between reduced LVEF and age, gender, indexed aortic dimensions, presence of mitral valve

prolapse or valve regurgitation.

Conclusion: This study supports the existence of a primary cardiomyopathy in a subgroup of
Marfan patients. The biventricular enlargement and dysfunction is wusually mild,
asymptomatic, and independent from other cardiovascular manifestations. Further studies
are needed to assess underlying causes and natural history of this condition. Routine
monitoring and treatment in Marfan syndrome may need to be tailored not only to prevent

aortic root expansion but also to support myocardial function.
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5.2. INTRODUCTION

Marfan syndrome (MFS) is a systemic connective tissue disease involving the skeletal, ocular,
and cardiovascular systems [Pyeritz 1979] This autosomal dominant disorder is caused by
mutations of the gene encoding fibrillin-1, a glycoprotein component of elastic fibres that has
important structural and regulatory roles in the extracellular matrix [Ramirez 2007]. The
clinical diagnosis is based on the presence of major and minor criteria in different organ
systems, as defined by the revised Ghent criteria [De Paepe 1996]. MFS is one of the
commonest inherited connective tissue diseases, with an estimated prevalence of 1 in 5,000

individuals worldwide [Judge 2005].

Cardiovascular manifestations are common in MFS, and constitute the main cause of
mortality, usually by aortic dissection and related complications [Silverman 1995a]. Aortic
dilatation typically involves the aortic root and proximal ascending aorta with effacement of
the sinotubular junction. Other aortic segments and branches can also be affected in more
severe forms of the disease. The heart is frequently involved as aortic dilatation with
secondary aortic regurgitation, and mitral valve prolapse with associated mitral regurgitation
are common manifestations. However, there is still a debate whether a primary
cardiomyopathy exists, since fibrillin-1 is also present in the myocardium [Vracko 1990]. At
present there is no published data in animal models, and no robust evidence available in

humans, with conflicting data from studies on myocardial performance.

Since the first case report published 25 years ago [Fujiseki 1985], there has been an increasing
interest in evaluating the possibility of a cardiomyopathy in patients with MFS.
Echocardiography has been used as the primary imaging modality in these studies. Although

more recent echocardiographic data have shown impairment in diastolic and systolic function
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using Doppler imaging, there is no clear evidence of myocardial dysfunction based on the
measurement of left ventricular ejection fraction [Roman 1989, Savolainen 1994, Chatrath
2003, Meijboom 2005, De Backer 2006, Das 2006, Rybczynski 2007, Kiotsekoglou 2008,

Kiotsekoglou 2009a].

Ejection fraction (EF), the percentage of chamber volume ejected in systole, is the most
important and most commonly used marker of left ventricular (LV) function. It is a powerful
prognostic factor across all groups of cardiac disease, and is commonly used for risk

stratification and decision making [Antman 2004, Bonow 2008, Hunt 2009].

Cardiovascular magnetic resonance (CMR) has emerged as an important modality in the
evaluation of cardiac disease. It provides accurate and reproducible estimation of ventricular
volumes and ejection fraction and it is now considered the “gold standard” for these
measurements [Grothues 2002, Grothues 2004]. Therefore the aim of this study was to

investigate the existence of a primary cardiomyopathy in the Marfan population using CMR.

5.3. METHODS

5.3.1. Study population

We reviewed 150 consecutive Marfan patients referred for their first cardiovascular magnetic
resonance (CMR) study in our institution between 2003 and 2008. All patients had a diagnosis
based on the revised Ghent criteria. From this original cohort, we excluded 45 patients with a
history of aortic or cardiac surgery and 21 patients with significant aortic or mitral
regurgitation on CMR or echocardiography. We also excluded 9 patients under the age of 18
years old because reference volumes and EF are not available for this population, and 7

patients whose CMR study was incomplete. Thus, a cohort of 68 adult patients without
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previous cardiovascular surgery or significant valvular regurgitation was available for analysis.
As this study involved a retrospective review of patient medical records, individual patient

consent was not required by our Ethics Committee who approved the study.

5.3.2. Magnetic resonance

All studies were performed on Sonata or Avanto 1.5T scanners (Siemens, Erlangen, Germany).
The standard protocol included: (1) multislice anatomical imaging in 3 planes (trans-axial,
coronal, and sagittal oblique); (2) long-axis cines (2-chamber, 4-chamber, left ventricular
outflow tract [LVOT] and respective cross-cut); (3) aortic valve cines, and aortic flow images
when aortic regurgitation was present; (4) short-axis view of both ventricles form atrio-
ventricular level to the apex. The cine images were acquired using a steady-state free
precession (SSFP) sequence following a standard protocol [Maceira 2006a, Maceira 2006b],
whereas the flow images were acquired using a modified phase-contrast gradient-echo

sequence [Chai 2005].

5.3.3. Ventricular volumes and mass

Left and right ventricular volumes at end-diastole and end-systole, as well as left ventricular
mass, were determined using a semi-automated analysis software (CMR tools, Cardiovascular
Imaging Solutions, London, UK) - figure 5.1. The resulting values were then normalised to age,
gender and body surface area (BSA), and compared with published reference ranges in a
normal population of 120 individuals where the same methodology was used [Maceira 20063,
Maceira 2006b]. Individual values for each patient were considered to be abnormal if they fell

outside the 95% confidence interval (Cl) for the normal population; patients were considered
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to have cardiomyopathy if the LVEF was below the lower 95% Cl for corresponding gender and

age decile.

Figure 5.1. Software used for ventricular volume and mass measurements. Left panel:
mid-ventricular short-axis and four-chamber views at end-diastole and end-systole.
Highlighted areas represent the ventricular cavities and myocardium. Mitral valve plane
(solid line) confines the LV in end-diastole and end-systole. Right panel: Volume curves
throughout cardiac cycle. In the graph above, LV and RV volume curves are presented. In

the table below, LV and RV dimensions and EF are shown.

5.3.4. Aortic dimensions

Aortic root measurements were intra-luminal and taken at end-diastole using SSFP cine
images: the aortic annulus was measured from the sagittal and coronal LVOT and LVOT views
and the average diameter was used; the sinus of Valsalva was measured from the aortic valve
and LVOT views and the average cusp-cusp diameter was used. These values were compared

with recently published reference values for the aortic root using CMR [Burman 2008].
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Ascending aorta at right pulmonary artery level, aortic arch, and descending aorta at
pulmonary artery level measurements were taken from multi-slice spin-echo and SSFP
sequences, since these are considered the most reproducible techniques to measure the

thoracic aorta at these levels.

5.3.5. Valve disease

The four cardiac valves were evaluated in all patients. Valvular regurgitation was graded by
experienced observers, and was based on regurgitation fraction by flow mapping and
regurgitant volumes by stroke volume difference between the left and right ventricles.
Patients with more than mild aortic or mitral regurgitation (defined as regurgitant fraction >
15%) were excluded from further evaluation [Gelfand 2006]. Echocardiographic data was
collected if performed within 6 months of the CMR study. Fifty-four patients who fulfilled this
criterion had their studies reviewed by blinded experienced observers. None of these 54
patients had more than mild aortic or mitral regurgitation, in concordance with their CMR
findings. Mitral valve prolapse (MVP) was defined as systolic displacement of one or both
leaflets >2mm from the mitral annulus plane in the LVOT view, as per current criteria [Bonow

2008].

5.3.6. Other parameters

Heart rate (HR) was recorded at the time of the study. Blood pressure (BP) and cardiovascular
medications (to prevent aortic expansion) were obtained from patient’s medical records.

None of these patients were known to have hypertension or coronary artery disease.
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5.3.7. Statistical analysis

Continuous variables are presented as mean + SD, while categorical variables are presented as
percentages. Relationship between pairs of continuous variables was expressed by the
Pearson correlation and two sample t-test. Association between categorical variables was
determined by using the chi-square test. Statistical significance was set at p<0.05. All

statistical analysis was performed using SPSS 15.0 software (SPSS Inc., Chicago, Illinois).

5.4. RESULTS

5.4.1. Study population

The population demographics are presented in table 5.1. The final cohort of 68 patients had a
mean age of 33.9+11.9 years (range: 18-71) and a slight male predominance (60.3%). All
patients were in sinus rhythm at the time of the study. One patient had symptomatic heart
failure (NYHA IlI) at the time of the study; no late gadolinium enhancement was seen. One
other patient was admitted one year after the baseline study with a Takotsubo-like syndrome
and cardiogenic shock which resolved on medical therapy; the coronary arteries were
unobstructed. Both patients were included in the analysis as they were clinically stable at the

time of scanning.

5.4.2. Left ventricle

In 25% of patients the LVEF was reduced when compared with our healthy control population
(figures 5.2 and 5.3). The mean LVEF of this group with reduced LVEF was 53.843.1% (vs.

65.2+4.5% patients with normal EF). The reduction of LVEF was less than 10% below the lower
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reference value for age and gender in all except one patient. LV end-diastolic (ED) and end-
systolic (ES) indexed volumes were also increased in a significant proportion of patients
(25.0% and 30.9%, respectively) - figure 5.4, while LV mass index was only increased in a

minority of patients (2.9%).

Table 5.1. Patient characteristics according to the presence or absence of reduced LVEF.

Total (n= 68) Mormal EF Reduced EF P
{n = 51/75.0%) (n= 17/25.0%)

Age (years) 335+ 115 M9+ 114 0.7+ 130 o
Gender (male) 41 (60.3%) 28 (545%) 13 (76.4%) 016
Height (m) 186 +0M 187 4 0.10 1914013 028
Weight (kg) 78.9 4+ 171 768 + 141 85.2 4+ 231 008
Body surface area (m?) 2044025 2014028 2134032 009
Heart rate (bpim) 64.3 4125 640 4 12.0 65.1 4 143 0.75
Systalic BP (mmHg) 1168 4+119 1171 4121 M35+ 119 068
Heart failure 2 (19%) 0 (0.0%) 2 (118%) NS
LVEDY (ml) 181.1 4+ 481 1711 4 39.9 21114 596 003
LVEDV index (mL."mIJ 8894 217 B5.1 +17.7 100.5 4 284 oM
LVESY {mL) 7014274 603 4+ 18.0 99.8 4+ 300 <0.01
LVESY index [thlnzj 3444126 300483 4754143 <0.001
LVEF (%) 621469 652 4 4.5 528431 MNA
LV mass (g) 137.9 4342 13234 324 154.7 4+ 350 002
LV mass index (g/m’) 67.3 4127 653 4 120 730 + 134 003
RVEDY (mL) 1761 + 441 1694 + 401 196.2 4 505 003
RVEDY index (mL.l'mlj Be4 +191 8424 17.4 931+ 229 01
RVESW (mL) 7474250 6724182 97.0+ 293 0.001
RVESVY index (mL."m}j 364 +107 334482 45.7 + 121 0001
RVEF (%) 81465 606+ 5.0 50.8 + 51 <0.01
Aortic annulus (mm) 274434 267433 2934128 0006
Annulus index [mm"mzj 135418 134415 141423 026
Aortic sinus (mm) He6+60 438464 46.8 +40 007
Sinus index (mim/m’) 220+33 215 4 3.1 205+ 40 052
Ascending aorta (mm) 30.7 + 56 298449 331468 0.04
Ascending index (mm/m?) 151428 149 423 1594 319 034
Aartic arch (mm) 2244134 2214135 2324132 on
Arch index (mmfm2J M14+18 Na+1.7 M2+ 21 08
Descending aorta (mm) 122437 2184136 235419 0.1
Descending index l'\mm"mzj 0%+ 16 108+ 1.5 112419 046
Mitral valve prolapse 25 (36.8%) 18 (35.3%) 7 (412%) 046
Beta blocker 37 (54.4%) 30 (58.8%) 7 (412%) o
ACE inhibitor 2 (29%) 2 (39%) 0 (0.0%) NS
Angiatensin |l inhibitor 4 (5.9%) 3 (5%%) 1(55%) NS
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Figure 5.2. Distribution of LVEF in the entire study population. Patients with reduced LVEF

are presented in red, whereas patients with normal LVEF are presented in blue.

Patients were divided in two groups (with reduced EF and normal EF) and their demographics
are shown in table 5.1. There was no significant difference in age or gender between both
groups. Although there was no association between height and reduced EF, there was a trend

for an association between reduced EF and an increased weight and BSA.

Patients with reduced LVEF had a significantly increased indexed LVEDV, LVESV and mass
when compared with the group of patients with normal LVEF. No association regarding

symptoms, heart rate, blood pressure, medication, and reduced LVEF was found.

There was a strong positive correlation between LV mass and LVEDV (r=0.56, p<0.01), and a
significant negative correlation between HR and LVEDV (r=-0.49 LV, p<0.01); no correlation
was found between HR or SBP and LVEF when regarded as continuous variables (r=-0.03,

p=0.81; and r=-0.07, p=0.61 respectively).
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Figure 5.3. Distribution of individual LVEF across the study population according to age and
gender (left panel for males, right panel for females). The red and blue lines represent the

upper and lower 95% confidence interval, respectively.

5.4.3. Right ventricle

RVEF was reduced in 10.3% of patients and indexed RVEDV and RVESV were increased in
11.8% and 13.2%, respectively (figure 5.4). Patients with reduced LVEF had a significantly
reduced RVEF, a trend for an increased RVEDV, and a significantly increased RVESV when
compared with the group of patients with normal LVEF. All patients with RV systolic
impairment had also LV systolic impairment, and no patients with normal LVEF had reduced

RVEF. All these patients with reduced RVEF had only mild systolic impairment.

5.4.4. Aorta

The aortic annulus was dilated in 55.9% (n=38) and the aortic sinus was dilated in 86.7%
(n=59) of the study population. Patients with reduced LVEF had significantly larger aortic
annulus (29.3+2.8 vs. 26.7+3.3 mm, p=0.006) and ascending aorta (33.1+6.8 vs. 29.8+4.9mm,

p=0.04), and a trend for a larger aortic sinus (46.8+4.0 vs. 43.8t6.4mm, p=0.07). However,
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after adjusting the aortic diameters to body surface area there was no significant difference in

indexed aortic dimensions between the groups with normal and reduced LVEF (table 5.1).

32

mL
B RV

30 -

25

20

Population (%)

t EDV t ESV L EF

Figure 5.4. Percentage of patients with increased LV and RV end-diastolic volume (EDV),

end-systolic volume (ESV), and reduced ejection fraction (EF).

5.4.5. Valves

The aortic valve was tricuspid in all except one patient, and mitral valve prolapse was present
in 25 patients (36.8%). No patients had valvular stenosis or significant valvular regurgitation at
rest. Mild aortic or mitral regurgitation was found in 27 patients (39.7%). Of these, 20 patients
had aortic regurgitation, 3 patients had mitral regurgitation, and 4 patients had combined
aortic and mitral regurgitation. Patients with mild left-sided valvular regurgitation had a small
but significant increase in LVEDV and LVESV, and a trend for increased mass when compared
with patients without left-sided valvular regurgitation. However, there was no significant
difference between these 2 groups regarding LVEF, RV volumes and RVEF (table 5.2). In

addition, no association between MVP and reduced EF was found.
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Table 5.2. Patient characteristics according to the presence of aortic or mitral regurgitation.

Total (n = 68) No valvular regurgitation Mild valvular regurgitation P
(n= 41/60.3%) (n = 27/29.7%)
LVEDV index (mL/m?) 889 +21.7 830 £ 154 98.0 + 26.6 0.01
LVESY index (mUmA) 344 +126 309 £ 86 396 +158 0.01
LVEF (%) 621+ 6.9 632 + 6.1 605 +7.7 012
LV mass index (g/mz) 673 +12.7 650 + 115 70,6 + 139 0.08
RVEDV index (mL/m?) 864 +19.1 840 £ 166 901 +223 0.2
RVESV index (mLﬁ'mz) 364 +10.7 349 +9.3 388 +123 0.14
RVEF (%) 581 + 6.5 586 £62 574471 0.51

Data are mean (SD). P-values are from t-test.

5.4.6. Medication

Beta-blockers, angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor
blockers (ARB) were part of the regular medication in 54.4%, 2.9%, and 5.9% of the patients,
respectively. There was no significant association between the use of beta-blockers and the
group with reduced EF, and the number of patients on ACE inhibitors and ARBs was too small
to perform a meaningful statistical analysis (table 5.1). However, when assessing the cohort
according to medication status, we found that patients on medication had significantly higher

LVEF than the patients who were not on any medication (63.7%%6.9% vs. 59.7+6.4%, p=0.02).

5.5. DiscussION

This study is the largest cohort of Marfan patients evaluated by CMR for the existence of a
Marfan cardiomyopathy. Our main findings are: (1) a significant proportion of patients have
reduced ejection fraction, suggesting impaired systolic function and an underlying
cardiomyopathy; (2) this systolic impairment is usually mild (<10% below the lower limit of
normal) and asymptomatic; (3) patients with impaired LV systolic function had higher

incidence of RV dysfunction, as manifested by reduced RVEF; (4) the impairment in systolic
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function was independent of classic CV manifestations of the disease and medication regime

at the time of the study.

5.5.1. Left ventricle

The definition of cardiomyopathy is complex and an ever-evolving challenge [Elliott 2008]. For
this group of patients, we used reduction of LVEF below the 95% CI for the normal population
to define cardiomyopathy, since LVEDV was also influenced by heart rate and presence of mild
valvular regurgitation. LVEF is the most important and commonly used marker of ventricular
performance and impairment of this indicator would strongly suggest ventricular dysfunction.
Although considered to be dependent on loading conditions, LVEF was not affected in this
study by pre-load (heart rate, mild valvular regurgitation) or after-load (systolic blood

pressure) determinants.

Only 2 previous studies have addressed left ventricular function using CMR as a complement
to echocardiography. The first study was conducted by Savolainen et al, which did not show a
difference in LVEF between children with MFS and controls [Savolainen 1994]. Possible
explanations for this negative finding include a small population (22 Marfan patients), use of
area-length method to estimate volumes, and an older less accurate cine sequence. In
contrast, a more recent work by De Backer et al showed reduced mean LVEF in 26 MFS adults
when compared with controls [De Backer 2006]. Interestingly, in De Backer’s study,
echocardiography did not demonstrate a significant difference in LVEF between both groups,
supporting previous observations suggesting that CMR requires smaller sample sizes than
echocardiography to detect significant changes in ventricular volumes and EF [Grothues 2002,
Grothues 2004]. This may also explain why previous echocardiographic studies failed to detect

a significant difference in LVEF between Marfan and control groups.
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Our observations suggest that Marfan cardiomyopathy is an independent entity. No specific
predictors of cardiomyopathy were found when patient demographics, indexed aortic
dimensions and presence of valvular disease were analysed. Although the majority of patients
have normal LVEF, one quarter of this population have reduced LVEF and impaired systolic
function; these patients should therefore be monitored more closely and managed
accordingly [Hunt 2009]. The degree of LV involvement should also be evaluated pre- and
post-operatively and should be taken into account when deciding the type of aortic root

surgery.

5.5.2. Right ventricle

RVEF was significantly reduced in patients with reduced LVEF, suggesting that this
cardiomyopathic process is manifested in both ventricles, a pattern previously described in
non-ischaemic cardiomyopathies [La Vecchia 2001]. All affected patients had only a mild
degree of RV systolic impairment (RVEF <10% below the lower reference value for age and
gender in all patients), which parallels the mild degree of LV systolic impairment affecting our
cohort of Marfan patients with cardiomyopathy. These findings support a recently published

study demonstrating RV impairment in the Marfan population [Kiotsekoglou 2009a].

Of interest was the observation that the RVEF was affected less frequently than the LVEF
(10.3% vs. 25.0% of patients, respectively). It is not clear why the LV might be affected in
preference to the RV, but potential explanations may lie in the higher haemodynamic

systemic workload sustained by the LV.
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5.5.3. Aorta

Aortic root dilation is one of the earliest and commonest manifestations of cardiovascular
Marfan disease. It would have been intuitive and biologically plausible to suggest that the
processes leading to aortic degeneration would be accompanied by similar cardiac
deformation, independent of the haemodynamic effects of significant valvular regurgitation.
Although absolute proximal aortic dimensions did actually show a marginally significant
association with reduced ejection fraction, this association was not present after indexing
aortic dimensions to the body surface area. Currently there is no evidence to suggest that it
would be productive to routinely measure aortic dimensions in order to predict deterioration

in LVEF, or vice versa.

5.5.4. Valves

As with previous studies, we have included patients with mild valvular regurgitation as we
would not expect to significantly impact LV performance. Nevertheless, we found that even
mild degrees of chronic valvular regurgitation were associated with a statistically significant
increase in both end-diastolic and end-systolic LV volumes, together with a non-significant
trend towards a decrease in LVEF. We are unsure of the significance of this finding, since we
would expect an increase in contractility and LVEF as a result of reduced ventricular afterload
in valvular regurgitation. No association was found between MVP and LV systolic dysfunction,

suggesting that the pathogenesis behind these two complications is actually diverse.
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5.5.5. Medication

Previous studies have suggested that angiotensin receptor antagonists are key disease
modifying agents in MFS through their effects on the TGF-beta pathway [Ramirez 2007,
Brooke 2008]. Optimal blood pressure control has also been thought to play a role [Brooke
2008]. Our study was unable to provide more than a cross-sectional insight into medication
regimes at the time of the scan. Nonetheless, patients on medication had significantly higher
LVEF than the ones without (63.7%+6.9% vs. 59.746.4%, p=0.02). This suggests that these
agents, primarily used to prevent aortic remodelling, may also have a beneficial effect on
ventricular function. Further examination of long term regimes and effects on BP might prove

useful.

5.5.6. Limitations

This is a retrospective cohort of patients referred to a tertiary cardiothoracic centre, which
may not be entirely representative of the typical Marfan population. Only the initial studies
were included for analysis, and no follow-up data is available. Diagnosis was based on the
Ghent criteria and genotyping was only performed in cases where the diagnosis was unclear.

Further evaluation could be useful to determine who is prone to develop this condition.

Coronary artery disease was not systematically ruled out in these patients by coronary
angiography. However, there were no regional wall motion abnormalities in our cohort, or
evidence of myocardial infarction in the small group of patient who underwent gadolinium
imaging, suggesting that coronary artery disease, if present, did not play a major contributory

role to ventricular dysfunction in these patients.

Late gadolinium enhancement imaging for assessment of myocardial fibrosis was not routinely

performed as the primary focus was on assessing aortic disease. Within our cohort, late
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gadolinium imaging was only performed in 16% (n=11) of patients where clinically indicated.
Apart from one patient with mid-wall late gadolinium enhancement suggesting fibrosis, no
myocardial enhancement was seen. The true incidence and pathogenesis of any mid-wall

fibrosis in Marfan cardiomyopathy remains a focus for future investigation.

5.6. CONCLUSION

Our findings support the existence of a primary cardiomyopathy in a subset of patients with
Marfan syndrome. This cardiomyopathy is unrelated with any other cardiovascular

manifestations of the disease, and appears to affect the RV as well as the LV.

Cardiac assessment may be of value in the medical and surgical management of this high-risk
population with complex multi-system disease. Further studies are needed to assess
underlying causes, natural history and prognostic significance of Marfan-related
cardiomyopathy. Treatment may need to be tailored not only to prevent further aortic root

expansion but also to support myocardial function in these patients.
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CHAPTER 6: RELATION OF MYOCARDIAL T2* TO RIGHT VENTRICULAR FUNCTION

IN THALASSAEMIA MAJOR

6.1. ABSTRACT

Aims

Myocardial T2* cardiovascular magnetic resonance (CMR) provides a rapid and reproducible
measure of cardiac iron loading, and is being increasingly used worldwide for monitoring of
transfusion dependent thalassaemia patients. Although myocardial siderosis (T2* <20ms) is
associated with impaired left ventricular (LV) function, little is known of its relation with right
ventricular (RV) function. The aim of this study was to investigate the relationship between

cardiac T2* and RV function.

Methods and results

A retrospective analysis of 319 patients with beta-thalassaemia major presenting for their first
CMR scan was performed (45.1% male, mean age 25.6 years). In patients with normal
myocardial T2* (>20ms), the RV ejection fraction (EF) was within the normal range in 98% of
patients. When myocardial T2* was <20ms, there was a progressive and significant decline in

RVEF. There was a linear relationship between RV and LVEF.

Conclusions

Myocardial iron deposition is strongly associated with RV dysfunction, which mirrors the
decrease in LV function seen with worsening cardiac iron loading. RV dysfunction may play a

significant role in heart failure associated with myocardial siderosis.
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6.2. INTRODUCTION

For patients with beta-thalassaemia major, heart failure due to iron overload cardiomyopathy
is the main cause of mortality. In developed countries until recently [Modell 2008], it has
accounted for up to 71% of all deaths, with up to 50% of these patients dying before 35 years
of age, despite iron-chelating therapy [Modell 2000, Borgna-Pignatti 2004]. This form of
cardiomyopathy can be reversible if detected early and appropriately treated, but once heart
failure develops, prognosis is poor. Conventional techniques to assess iron in the myocardium
have either proven to be invasive or unreliable, and frequently the diagnosis is delayed due to
the unpredictable nature of cardiac iron loading and the late development of symptoms,
which usually only become apparent after significant iron deposition has occurred.

Cardiovascular magnetic resonance (CMR) has emerged as a useful non-invasive tool for
evaluating the amount of iron in the heart. The technique relies on the measurement of T2*
relaxation from gradient-echo sequences. When the storage capacity of ferritin is exceeded,
iron is deposited in the myocardium as particulate hemosiderin, which is a form of ferrihydrite
(hydrated iron oxide). This disrupts the local magnetic field homogeneity causing reduced T2*
values in inverse relation to iron concentration. T2* CMR is an ideal technique for non-
invasive measurement of iron concentration because the acquisition for the validated single
slice method requires only a single breath-hold and has good reproducibility making it
valuable for serial monitoring over time. Calibration of the T2* technique has been reported in
humans [Wood 2005, Ghugre 2006b, Carpenter 2009]. It has been shown that lower
myocardial T2* values are associated with an increased likelihood of left ventricular (LV)
dysfunction [Anderson 2001], whereas an improvement in myocardial T2* results in
improvement in LV ejection fraction (EF) [Anderson 2004]. These findings have been
confirmed in observational, prospective and randomised controlled studies of iron chelation in

thalassaemia patients [Anderson 2002, Anderson 2004, Pennell 2006, Tanner 2007, Tanner
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2008]. However, the relation between myocardial iron loading and right ventricular (RV)
function has not been fully addressed. RVEF is an important predictor of outcome in other
forms of cardiomyopathy, which is both independent of and incremental to LVEF [Juilliere
1997]. Accordingly, the effects of myocardial iron loading on RV function may be important in
thalassaemia patients. As CMR is considered to be the most accurate and reproducible
technique for assessing RV volumes and EF [Grothues 2002, Grothues 2004], CMR provides an
ideal opportunity to correlate myocardial iron loading with RV function. Therefore, the aim of
this study was to evaluate the relationship between myocardial T2* and RVEF in patients with

thalassaemia major.

6.3. METHODS

6.3.1. Study population

We analysed a database of 323 consecutive patients with beta-thalassaemia major who were
referred for their first myocardial T2* scan from 21 UK hematology centres. All the patients
included in this analysis were treated with a single iron chelation agent (deferoxamine) at
presentation. They had all received iron chelation therapy since the mid-to-late 1970s or from
an early age if born after this. Any patient with suspected pulmonary hypertension (defined as
tricuspid regurgitant jet velocity of >3.0 m/sec on transthoracic echocardiogram) or any other
known or potential cause of RV abnormality was excluded (eg. congenital heart disease, valve
disease, lung disease) [Galieé 2009]. Four patients were excluded from the final analysis due to
cardiac or vascular anomalies (one aortic stenosis, one subaortic shelf, one pulmonary artery
stenosis, and one repaired tetralogy of Fallot). The residual cohort consisted therefore of 319
patients (144 males and 175 females), with a mean age of 26.5 +8.9 years (table 6.1). At the

time of their first CMR scan, 21 of the patients were taking medication for LV dysfunction or
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heart-failure (diuretics, beta-blockers or angiotensin-converting-enzyme inhibitors). The data
collection and analysis associated with this study was approved by Trent NHS Research Ethics

Committee.

Table 6.1. Patient demographics and summary of cardiovascular magnetic resonance
parameters.

Patient demographics

Total number of patients 319 (144 male,
175 female)
Age (years) 265 + 8.9
Height (cm) 157 4+ 12.8
Weight (kg) 5514 125
Body surface area (m’)s 145 4 0.41
T2* (peometric mean 4+ CVX%)
Cardiac T2* (ms) 184 + 11.2%
Liver T2* (ms) 324+ 737%
CMR parameters for all patients
RV ejection fraction (3) 619472
LV ejection fraction (%) 660 + 8.3
RV end-systolic volume index (mbL/m?) N3+ 1A
RV end-diastolic volume index (mLim?) 8324174
RV mass index (g/m?) 354480

Haematological profile

Serum ferdtin (pg/L) 2251 + 1748
Mean pre-transfusion hasmoglabin (gidl) 101 +£1.2
Annual red cell consumption (mLkg/year) 1620 + 79.6
Clinical profile n (%)
Diabetes 50 (15.7%)
Hypogonadism 133 (41.7%)
Hypathyroidism 28 (BB%)
Liver fibrosis 8 (15%)
Osteoporosis 98 (30.7%)
Splemectomy 131 (41.0%)
Medication use n (%)
Diuretics 5 (16%)
ACE-inhibitors 18 (5.6%)
Beta-blockers 7 (12%)

Data are presented as meantSD or number (%), unless otherwise stated.
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6.3.2. Magnetic resonance

Patients were scanned with a 1.5T Sonata scanner (Siemens Medical Systems, Erlangen,
Germany). Each scan included the measurement of heart T2* (mid-septum) together with left
and right ventricular volumes, ejection fraction and mass using previously published
techniques [Westwood 2003a, Maceira 2006a, Maceira 2006b]. T2* measured in the mid-
ventricular septum is a reliable estimation of cardiac iron loading [Ghugre 2006a, Ghugre
2006b, Pepe 2006a]. Scan duration was approximately 15-20 minutes. For the measurement
of myocardial T2*, a single short axis mid-ventricular slice was acquired using a single breath-
hold ECG-gated multi-echo technique. This T2* sequence generated a series of 8 images with

a range of echo times (TE = 2.54-17.9 ms).

6.3.3. CMR analysis

For T2* analysis, a full-thickness region of interest was defined in the interventricular septum
(routinely chosen to avoid T2* artifacts from the cardiac veins, liver and lungs). Myocardial
T2* decay was calculated from this region using semi-automated analysis (Thalassaemia-tools,
Cardiovascular Imaging Solutions, London, UK). Signal intensity was plotted against echo time
for each image and T2* was calculated from the resulting exponential decay curve. To allow
for background noise, a truncation method was used as previously described [He 2008]. The
normal range for myocardial T2* has been previously published from a series of healthy
volunteers (the median normal value is 40ms with a lower cut-off of normality of 20ms)
[Anderson 2001]. This value of 20ms is widely accepted in clinical practice and was therefore
chosen to define the lower limit of the normal range in this study.

RV and LV volumes were determined from steady-state free precession cines, with contiguous
short-axis slices from base to apex as previously described (7mm slice thickness with 3mm

gap) [Maceira 2006a, Maceira 2006b]. Ventricular volumes and ejection fraction were
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analyzed with CMRtools (Cardiovascular Imaging Solutions, London). Three main steps for
volume analysis were performed. Firstly, both RV and LV endocardial and epicardial borders
were delineated in all phases of the cardiac cycle in the short-axis slices. Then, valve plane
tracking of the tricuspid and mitral valves was used to correct for alteration in volume due to
descent of the AV ring towards the apex during systole. Finally, blood pool thresholding was
used to delineate the papillary muscles and RV trabeculations (which were excluded from
ventricular volume measurements). LV and RV volumes were indexed to body surface area
(BSA) [Maceira 2006a, Maceira 2006b]. The normal ranges for LV and RV volumes and function
were taken from previously published data with the lower limit of normal for RVEF in healthy
subjects being 54% and the lower limit of normal for LVEF in non-iron overloaded

thalassaemia patients being 59% [Maceira 2006a, Westwood 2007].

6.3.4. Statistical analysis

All parameters are presented as mean * standard deviation, except T2* which is shown as
geometric mean (antilog of the mean of the log data) and percent coefficient of variation (CV -
equivalent to the variance of the mean in log scale) following log transformation of data to
normalize the data distribution. Spearman’s rank test was used to assess the correlation
between myocardial T2*, ferritin, RV volumes and EF. Analysis of variance (ANOVA) was used
to assess differences across different ranges of myocardial T2*. Two sided statistical
significance was set at p<0.05. All statistical analysis was performed using Stata 10.1 software

(StataCorp, Texas, USA).
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Figure 6.1. The relationship between myocardial T2* and right ventricular ejection fraction
(RVEF). The vertical broken line shows the lower limit of the normal range for T2* of 20 ms.

The horizontal line shows the lower limit of the normal range for RVEF of 54%.
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Figure 6.2. The relationship between myocardial T2* and right ventricular end-systolic
volume indexed to body surface area. The vertical broken line shows the lower limit of the
normal range for T2* of 20 ms. The horizontal line shows the upper limit of the normal range

for RV end-systolic volume index of 41 mL/m?>.
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6.4. RESULTS

In thalassaemia patients with a normal myocardial T2* (>20ms), RVEF was 65.0 +6.1%, and
was distributed within the normal range of expected values in 98% of patients. In patients
with myocardial siderosis (T2* <20ms), there was a progressive and significant decline in RVEF
(r=0.43, P<0.001; figure 6.1) and an increase in the RV end-systolic volume (r=-0.33, p<0.001;
figure 6.2). In contrast to ejection fraction and end-systolic volume index, there was no
significant correlation of either RV end-diastolic volume index or RV mass index with T2*. Of
the 165 patients with myocardial siderosis (T2* <20ms), 23 (14%) were found to have an RVEF
below the lower limit of the normal range. Of the patients with impaired RVEF, 82.6% also had
an impaired LVEF. There were four patients with T2* <20ms who had impaired RVEF but a
normal LVEF. None of the patients had documented pulmonary hypertension. The mean RVEF
for these patients was 49 £1.6% and the mean LVEF was towards the lower limit of the normal
range (62 +3.8%). Both RV mass and the pulmonary artery diameter were normal (mean RV
mass index 28 +4.6g/m’, mean PA diameter 18 +3.7mm). No septal flattening or tricuspid
valve regurgitation was seen on cine images. All four patients had severe myocardial iron
loading with T2* ranging from 5.0 to 9.2ms (mean T2* 7.0 +2.1ms). All were on the same
transfusion regime (2 units of packed red cells every four weeks, mean annual red cell
consumption 129mL/kg/year), none had undergone previous splenectomy and none had
symptoms of heart failure. Apart from hypogonadotrophic hypogonadism in one patient and
osteoporosis in another, there were no other complications. Serum ferritin ranged from 723
to 4673pg/dl (mean ferritin 1772 £1937ug/dl).

LVEF was 69.5 +5.2%, and was within normal limits in 99% of thalassaemia patients with a
normal T2*. Below 20ms, LVEF showed a significant decline with lower T2* values (r=0.40,
p<0.001; figure 6.3). Of patients with myocardial siderosis (T2* <20ms) 47 (28.4%) had

reduced LVEF, of which, 19 (40.4%) also had a low RVEF. Linear regression between RVEF and
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LVEF showed a significant relation (r=0.69, p<0.001; figure 6.4). A comparison of two
representative patients is shown in figure 6.5, one with severe myocardial iron loading and
poor biventricular function and the other with no evidence of myocardial iron loading and

normal ventricular function.
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Figure 6.3. The relationship between myocardial T2* and left ventricular ejection fraction
(LVEF). The vertical broken line shows the lower limit of the normal range for T2* of 20 ms.
The horizontal line shows the lower limit of the normal range for LVEF in thalassaemia major

patients of 59%.

A summary of the ventricular and haematological parameters in three different T2* ranges
(less than 10ms, 10-20ms and more than 20ms) is shown in table 6.2. Differences between
groups were found for RV and LVEF, RV end-systolic volume index and serum ferritin. No
difference was found between groups for RV end-diastolic volume index, RV mass index, pre-
transfusion haemoglobin, yearly transfusion or total units transfused. No correlation was

found between any of the haematological parameters (including ferritin) and RVEF. There was
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a weak negative correlation between ferritin and myocardial T2* when the whole patient

cohort was considered (r=-0.22, P<0.001).
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Figure 6.4. The relationship between right ventricular ejection fraction (RVEF) and left

ventricular ejection fraction (LVEF).

Table 6.2. Breakdown of CMR parameters for different ranges of T2*.

Table 2 Breakdown of cardiovascular magnetic resonance parameters for different ranges of T2*

T2* range <10 ms 10-20ms >20 ms P-value
Mumber of patients 75 89 155

Male (%) 480 4.6 46.8

LV ejection fraction (%) 591498 5.8+ 76 69.5 4+ 52 < 0.00
RV gection fraction (%) 577484 63.4 4+ 60 65.1 4 &1 < 0.00
RV end-systolic volume index (mL-'mlj 3664+ 140 30.6 + 9.6 2924 96 =< 0.001
RY end-diastolic volume index (mL-'mj] 85.14+ 180 B9 4+ 164 BL8 4+ 179 0.63
RV mass index (g/m’) 3624+ 83 35.3 4+ 81 35.1 4+ 84 0.75
Ferritin (pg'L) 2803 4+ 2107 2553 4+ 1576 1914 4+ 1576 0.001
Pre-transfusion haemoglobin (g/dL)0 98405 10,0+ 10 10.2 + 14 0.39
Red cell consumption (U fyear) 3414115 351 4+ %8 3134+ 114 0.15
Total units transfused () BBE 4 407 954 + 396 B78 4 475 0.4

Data are presented = mean + SD. P-values given are for analysic of variance between groups.

Data are presented as mean+SD. P-values given are for analysis of variance between groups.
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6.5. DISCUSSION

Heart failure due to iron-overload cardiomyopathy is the dominant cause of mortality in
patients with thalassaemia major. Iron overload in thalassaemia major occurs due to a
combination of repeated blood transfusions, with each unit of blood containing 200-250mg of
elemental iron, and excessive gastrointestinal absorption. Excess body iron is stored in ferritin
and its degradation product hemosiderin. In the heart, this results in impaired function of the
mitochondrial respiratory chain, ventricular dysfunction and the potential for progression to
heart failure [Hershko 2011]. In this study, we have evaluated the relationship between
myocardial iron loading and right ventricular function. Our data show mirror effects on both
LV and RV volumes and ejection fraction. We found a normal RVEF in 98% of patients with
normal myocardial T2* values, but progressive RV enlargement and dysfunction with
increasing myocardial siderosis. The RV and LVEF showed significant correlation. Aside from
myocardial iron loading, we did not identify any clinical factors that could explain the
observed effects on ventricular function.

In the original validation study by Anderson et al, myocardial T2* values in the normal range
were associated with normal LVEF values, but when myocardial T2* fell below 20ms, a
progressive deterioration in LVEF was seen [Anderson 2001, Anderson 2002, Tanner 2007,
Tanner 2008], and this finding has been reproduced once again in this large cohort. There is
limited data examining the relation between cardiac T2* and RV function [Hahalis 2002, Pepe
2006b]. The importance of the right ventricle as an aggravating factor in heart disease and a
predictor of adverse cardiac outcomes has often been overlooked in the past. Studies have
indicated the importance of RV function in conditions such as congenital heart disease
[Gatzoulis 1995, Graham 2000, Roos-Hesselink 2004], dilated cardiomyopathy [Juilliere 1997,
La Vecchia 2001], chronic systolic dysfunction [Meyer 2010], and ischemic heart failure [Di

Salvo 1995, de Groote 1998, Ghio 2001]. In these studies, RV dysfunction was a strong
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predictor of mortality and outcomes in heart failure, irrespective of etiology, and independent
of the LV function, New York Heart Association (NYHA) functional class of heart failure, or
peak oxygen consumption. This suggests that RV function may be a significant contributor to

the clinical manifestation of heart failure seen in severe myocardial siderosis.
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Figure 6.5. Comparison of two patients with different iron loading profiles and ventricular
function. The top row of images (A—C) shows a patient with raised right and left ventricular
volumes in end-diastole (A) and end-systole (B), poor biventricular ejection fraction (RVEF =
25% and LVEF = 22%) and severe iron overload. Myocardial T2* is 5.4 ms (C). The lower row
shows end-diastolic (D) and end-systolic (E) images from a patient with normal biventricular
ejection fraction (RVEF = 61% and LVEF = 66%) and no myocardial iron loading [T2* is 29.8 ms
(F)]. The dotted line in each case denotes the level of the atrioventricular junction at end-

diastole to illustrate the long-axis contraction of the heart in systole. TE, echo time.

The finding of a close correlation between LV and RV function suggests that there is diffuse
myocardial toxicity due to excess iron and that this plays an important role in both left and

right ventricular dysfunction in this type of cardiomyopathy. This pattern is typical of non-
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ischaemic cardiomyopathy, where RV dysfunction is common and more closely parallels LV
dysfunction in contrast with the predominant LV impairment seen in ischaemic heart failure.

The function of the right ventricle may be affected by pulmonary hypertension (PHT) which
can occur as a complication in patients with thalassaemia [Aessopos 2005a]. Initial reports
suggested that increased pulmonary systolic pressure was a common finding in thalassaemia
major patients but some of these early results were based on a cohort of patients who were
under-transfused and poorly chelated [Grisaru 1990, Du 1997]. Subsequent studies in well-
treated Italian and Greek patients have not confirmed these findings, with PHT being
practically absent in thalassaemia major patients with a high standard of care [Derchi 1999,
Aessopos 2004]. In contrast, PHT is a prominent finding in patients with thalassaemia
intermedia [Aessopos 2005b]. While beta-thalassaemia major is a severe anemia which
presents within the first years of life and requires lifelong transfusions to prolong survival,
thalassaemia intermedia is milder with a later clinical onset. In one series of 110 thalassaemia
intermedia patients, PHT was found in nearly 60%, causing RV failure in approximately 5%
although all patients had preserved LV systolic function [Aessopos 2001]. Despite this, a
recent study has shown that patients with thalassaemia intermedia have a higher RVEF than
those with TM [Mavrogeni 2008]. The current study included only thalassaemia major
patients, all of whom had been transfused from an early age and none had evidence of
pulmonary hypertension on transthoracic echocardiography. In the small number of patients
where there was isolated RV impairment, all had severe myocardial iron loading with T2*
values below 10ms and LVEF was at the lower end of the normal range. None of the patients
had known pulmonary hypertension and there were no CMR features to suggest that the RV
impairment was related to raised pulmonary artery pressure. It is likely that the RV

impairment in these four cases is a precursor to LV impairment secondary to severe iron
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loading since T2* values below 10ms are a strong predictor of the development of heart

failure [Kirk 2009].

There is limited previous data on RV function in myocardial siderosis. Pepe et al compared
patients taking different iron chelating agents and found no correlation between myocardial
T2* and RVEF [Pepe 2006]. This may be explained by the small study population and the small
proportion of patients with significant myocardial iron loading. In a study of 26 patients with
symptomatic heart failure (NYHA class lll - IV), LVEF (measured by single plane area-length
echocardiography) was compared with RVEF (measured by first-pass radionuclide
angiography) [Hahalis 2002]. Our findings not only confirm that RV and LV function are often
correlated but also provide evidence that both RV and LV impairment are strongly related to
myocardial iron overload. In addition, we have used CMR which is considered to be the gold-
standard for the assessment of both right and left ventricular volumes and function [Grothues

2002, Grothues 2004].

6.5.1. Limitations

The data was analysed retrospectively from a prospectively accumulated database. RVEF is
highly dependent on loading conditions and may not adequately reflect RV contractility,
however it is the most widely available method for assessing RV function. These T2* values
only apply at a field strength of 1.5T, and the relaxation parameters will be different at higher
field strengths such as 3T which is becoming more widely available for clinical scanning. We
measured myocardial T2* in the interventricular septum, using this value to give an
assessment of global myocardial iron loading. Although this is an indirect measurement of RV
iron, direct measurement of T2* in the right ventricular free wall is not robust as the

myocardium is very thin, close to the chest wall and susceptible to artefact. Patients
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underwent regular cardiology assessment which included transthoracic echocardiography. We
excluded patients with pulmonary hypertension (defined as tricuspid regurgitant jet velocity
of >3.0 m/sec on transthoracic echocardiography) but echocardiograms were not performed
at the time of the CMR studies. We did not find any significant increase in RV mass index in
this cohort (compared with normal reference values for healthy subjects) and there was no
significant difference in RV mass between those patients with T2* less than 20ms and those
with a T2* of >20mes. In this study, we did not assess biomarkers (such as brain natriuretic
peptide or BNP) or the presence of late enhancement following gadolinium injection, both of
which could give further insight into the mechanism of both RV and LV dysfunction in these

patients.

6.6. CONCLUSIONS

Increasing myocardial siderosis as assessed by T2* CMR is associated with RV dysfunction, and
this may be a significant contributor to heart failure in thalassaemia major. Further studies are
required to determine the relative importance of RV function compared with LV function, and

to establish whether novel treatment strategies targeted to the RV may prove useful.
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CHAPTER 7: RIGHT VENTRICULAR VOLUMES AND FUNCTION IN THALASSAEMIA MAJOR PATIENTS

IN THE ABSENCE OF MYOCARDIAL IRON OVERLOAD

7.1. ABSTRACT

Aim: We aimed to define reference ranges for right ventricular (RV) volumes, ejection fraction

(EF) in thalassemia major patients (TM) without myocardial iron overload.

Methods and results: RV volumes, EF and mass were measured in 80 TM patients who had no
myocardial iron overload (myocardial T2* > 20 ms by cardiovascular magnetic resonance). All
patients were receiving deferoxamine chelation and none had evidence of pulmonary
hypertension or other cardiovascular comorbidity. Forty age and sex matched healthy non-
anemic volunteers acted as controls. The mean RVEF was higher in TM patients than controls
(males 66.2 + 4.1% vs. 61.6 + 6%, p = 0.0009; females 66.3 + 5.1% vs. 62.6 + 6.4%, p = 0.017),
which yielded a raised lower threshold of normality for RVEF in TM patients (males 58.0% vs.
50.0% and females 56.4% vs. 50.1%). RV end-diastolic volume index was higher in male TM
patients (mean 98.1 + 17.3 mL vs. 88.4 + 11.2 mL/m’, p = 0.027), with a higher upper limit (132
vs. 110 mL/m?) but this difference was of borderline significance for females (mean 86.5 +
13.6 mL vs. 80.3 + 12.8 mL/m?, p = 0.09, with upper limit of 113 vs. 105 mL/m?). The cardiac
index was raised in TM patients (males 4.8 + 1.0 L/min vs. 3.4 £ 0.7 L/min, p < 0.0001; females
4.5 + 0.8 L/min vs. 3.2 * 0.8 L/min, p < 0.0001). No differences in RV mass index were

identified.

Conclusion: The normal ranges for functional RV parameters in TM patients with no evidence
of myocardial iron overload differ from healthy non-anemic controls. The new reference RV
ranges are important for determining the functional effects of myocardial iron overload in TM

patients.
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7.2. INTRODUCTION

Patients with beta-thalassemia major (TM) have a severe hereditary anemia which requires
lifelong transfusions to prolong survival and allow normal development [Weatherall 2001].
Due to the absence of an effective physiological excretory pathway in humans, the unwanted
consequence of these blood transfusions is iron overload, predominantly affecting the heart,
liver and endocrine organs. Despite recent improvements in patient care, iron overload
cardiomyopathy remains a leading cause of death in TM patients in many centers [Borgna-
Pignatti 2004, Modell 2008]. The early detection of iron-induced cardiac toxicity therefore
forms a key component of clinical management. The assessment of cardiac iron loading can be
performed directly by measurement of myocardial T2* (explicit myocardial iron assessment)
or indirectly by the assessment of ventricular volumes and function (examination of effects of

myocardial iron on cardiac function).

Previously published data have shown that indices of the left ventricle (LV) such as volumes
and ejection fraction (EF) differ in non-cardiac iron loaded TM patients from healthy non-
anemic controls, most likely due to chronically increased cardiac output related to the anemia
[Westwood 2007,Maceira 2006b]. These differences in the normal range of expected values
affect the interpretation of measures of ventricular function from echocardiography and
cardiovascular magnetic resonance (CMR). This is important with regard to the early detection
of impaired EF because the use of inappropriate reference values may mask the diagnosis of
underlying iron-overload cardiomyopathy and this can result in delayed treatment or a
preventable episode of heart failure, which places the patient at high hazard [Felker 2000].
Conversely, an apparently dilated heart in a TM patient may be within normal limits for the
non-iron overloaded TM population. Although it has been shown that both RV and LV EF are
reduced by iron loading [Anderson 2001, Alpendurada 2009b], the normal ranges for RV

parameters and function in TM patients who have no evidence of cardiac iron loading are
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unknown. The aim of this study therefore was to define the normal reference ranges for RV
volumes, ejection fraction and mass in non-iron overloaded transfusion dependent TM
patients in comparison with non-anemic healthy controls. CMR was used for this assessment
as it is regarded as the gold-standard technique for measurement of both LV and RV volumes
and function [Bellenger 2000, Grothues 2002, Grothues 2004], and CMR can also measure

myocardial iron loading using myocardial T2*.

7.3. METHODS

7.3.1. Study population

We performed a retrospective analysis of patients with beta-thalassemia major who were
referred for their first myocardial T2* scan from 21 UK hematology centres. All patients were
regularly transfused (every 3-4 weeks) to maintain pre-transfusion hemoglobin levels of 9-10
g/dl and all had received iron chelation therapy from an early age or from the mid-to-late
1970s if born before this time. To remove any possible effects of different iron chelating
agents, only patients taking deferoxamine as a single iron chelator were included. None of the
patients had received treatment with either of the oral chelating agents (deferiprone or
deferasirox). Forty male and forty female patients over the age of 18 years who had no
myocardial iron loading (defined as having cardiac T2* > 20 ms) and no history of any known
cardiovascular pathology were identified from the initial target population of 323 patients.
The cut-off value for normal T2* was based on the lower limit of normal observed in a cohort
of healthy volunteers [Anderson 2001]. Patients with evidence of pulmonary hypertension
(defined as tricuspid regurgitant velocity > 3.0 m/s at rest by transthoracic echocardiography)
were excluded. Forty age and sex matched healthy non-anemic volunteers formed a control

population for comparison. All control subjects were healthy, asymptomatic volunteers with
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no cardiovascular risk factors or history of cardiac disease. Each had a normal 12 lead
electrocardiogram and no abnormal signs on physical examination. This study was approved
by the local NHS Research Ethics Committee. Written informed consent was obtained from all
of the volunteers. For the TM patients, the Ethics Committee granted permission for review of

clinical and scan data, waiver of informed consent and anonymous publication.

7.3.2. Cardiovascular magnetic resonance

All scans were performed using a 1.5T Sonata scanner (Siemens Medical Systems, Erlangen,
Germany). After routine localizer images, each scan comprised of a contiguous set of breath-
hold steady state free precession (SSFP) short-axis cines at 10 mm intervals from base to apex
(7 mm slice thickness with 3 mm gap) using standardised techniques [Maceira 2006a, Maceira
2006b]. An ECG gated breath-hold bright blood multi-echo sequence was also used to acquire
a single short axis mid-ventricular slice for the measurement of myocardial T2* (a gradient
echo sequence acquired immediately after the R-wave trigger with flip angle of 35°, matrix of
128 x 256 pixels, field of view (FOV) 40 cm, bandwidth of 810 Hz per pixel and repetition time
(TR) of 20 ms between each radiofrequency (RF) pulse). This sequence generated a series of

images with a range of equally spaced echo times (TE = 2.6-16.7 ms) [Westwood 2003a].

7.3.3. CMR analysis

Right ventricular volumes and mass were measured from the SSFP cines as previously
described [Bellenger 2002, Maceira 2006b], using CMRtools (Cardiovascular Imaging
Solutions, London). This involved tracing the endocardial and epicardial borders at end-
diastole and end-systole with semi-automated thresholding to delineate the blood pool

(figure 7.1).
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Figure 7.1. Calculation of RV
parameters. Delineation of right
ventricular endocardial and
epicardial borders using semi-
automated software, and summing
up over all contiguous slices
covering the right ventricle allows
the calculation of all volume, mass
and functional parameters.
Representative images are shown
for end-diastole and end-systole
together with tricuspid valve plane
tracking (indicated by the yellow
line on the four-chamber view). The
RV blood pool is shown in blue, the
LV blood pool in orange and the

myocardium in beige.
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RV trabeculations were excluded from the blood pool volume but included in the RV mass
calculation. The tricuspid valve plane was tracked in both systole and diastole to ensure that
any blood signal from the right atrium was excluded from the ventricular volume calculation.
Any of the blood pool signal above the pulmonary valve was also excluded from the
ventricular volume using the endocardial contour definitions. Cardiac output was calculated
from the product of right ventricular stroke volume and the mean heart rate recorded at the
time of the CMR scan. RV parameters were indexed to body surface area (BSA) which was
derived using the Mosteller formula [Maceira 2006b, Mosteller 1987]. Myocardial T2* was
measured from a single full thickness region of interest in the septum of the midventricular
slice using semi-automated software (Thalassemia-tools, Cardiovascular Imaging Solutions,
London, UK). For the analysis of T2*, mean signal intensity was plotted against the echo time
for each image in the series. The T2* value was calculated as previously described from the
resulting exponential decay curve after truncating the curve to correct for background noise

[He 2008].

7.3.4. Hemoglobin measurements

Pre-transfusion hemoglobin measurements were compared with right ventricular parameters.
When the interval between the hemoglobin measurement and the index CMR scan exceeded

one week, patients were excluded from this part of the analysis.

7.3.5. Statistical analysis

All continuous parameters were found to be normally distributed and are therefore presented

as mean = standard deviation (SD). An unpaired two-tailed t-test was used to compare TM



Chapter 7 Page 140 Normal RV in TM

patients with the healthy non-anemic volunteers. Separate analysis was performed for males
and females due to known gender-specific differences for left and right ventricular
parameters. Pearson correlation was used to compare hemoglobin measurements with the RV
volumes and function measurements. Statistical significance was set at p < 0.05. All statistical

analysis was performed using Stata 10.1 software (Stata-Corp, Texas, USA).

Table 7.1. Demographics for TM patients and controls.

TM patients Controls P value
Mean = 5D Mean £ 5D
Males
Age (years) 308 05 0.94
Height (m]) 1.65+0.1 1.80+0.09 =0.0001
Weight (kg 50.1+89 758+909 =0.0001
BMI (kg/m3) 219+3.1 236+3.1 0.048
BSA (m?) 164 +0.16 194 +£0.15 <0.0001
Heart rate (min-1) 727 +104 64.0+95 0.0024
Females
Age (years) 0x8 30x5 0.88
Height (m) 1.54+89 1.67£9.2 =0.0001
Weight (kg) 533 +101 61.4+11.3 0.0064
BMI (kg/m2) 225+45 220+28 0.68
BSA (m?) 150015 168018 0.0001
Heart rate (min’) 788+101 648+136 =0.0001

BSA — body surface area, BMI - body mass index.

7.4. RESULTS

7.4.1. Patient population

A summary of the demographics for the patients and the control population is given in table
7.1. Both groups were well matched for age and sex. The body mass index was equivalent in
females but was slightly higher in the male control population than the TM patients. However,

both male and female TM patients had significantly lower weight, height and body surface
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area than the non-anemic controls. Resting heart rate in TM patients was also significantly

higher than in the healthy controls.

Table 7.2. Right ventricular parameters for males and females.

Normal RV in TM

TM patients Controls P value
(mean £ 5D) (mean + SD)
[95% Cl] [959% CI]
Males
RVEDWVI {mL/m?) 981173 884+ 11.2 0.027
[64.2 -- 132.0] [66.5 — 110.4]
RVESVI (mL/m2) 332 +80 338+50 0.77
[17.5 - 48.8] [24.0 - 43.7]
RVSVI (mL/m?) 647 +£11.2 547+ 103 0.0015
[42.7 - 86.6] [34.6 - 74.8]
RWVEF (%) 662+ 4.1 61660 0.0009
[58.0 - 74.3] [50.0 - 733]
RVMI (g/m?) 3I88+7.9 364+ TE 0.27
[233 —54.4] [21.1 - 51.7]
CO (Lfmin) 7O9+19 66+16 0.014
[4.16-11.5] [34-9.8]
Cl {LYmin/m2) 48+10 34+07 «<0.0001
[29-67] [2.0-4.8]
Females
RVEDVI {mL/m?) 865+ 136 803+128 0.093
[59.8--113.2] [55.3 - 105.3]
RVESVI (mL/m?2) 292+72 30386 0.58
[15.1 - 43.3] [13.5-47.]
RVSVI (mL/m?) 574+932 500+78 0.0030
[39.4 - 75.5] [34.7 - 65.2]
RWVEF (%) 66.3+5.1 62664 0.017
[564-T76.2] [50.1 - 75.0]
RVMI (g/m?) 340£7.7 308x53 o.n
[18.8 - 49.1] [205-41.1]
CO (Lfmin) 68+17 55+15 0.0033
[3.5--10.1] [25-84]
Cl [LY'min/m?) 45108 321048 <0.0001
[2.9-62] [1.7-4.8]

Allvalues are quoted as mean + 5D with 95% confidence intervals in square brackets. The table is divided into TM patients with no evidence

of cardiac iron overload and age-matched healthy controls.

RVEDVI = right ventricular end-diastolic volume index, RVESVI = right ventricular end-systolic velume index, RVSVI = right ventricular stroke
volume index, RVEF = right ventricular ejection fraction, RVMI = right ventricular mass index, CO = cardiac output, Cl = cardiac index

7.4.2. Right ventricular parameters

The right ventricular parameters are detailed in table 7.2, and represented graphically in
figures 7.2 and 7.3. The mean and upper limit of end-diastolic RV volume were higher in TM

patients than controls for males, but this was borderline significant for females (p = 0.027 for
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males, p = 0.093 for females). RV stroke volume and RV ejection fraction were higher in TM
patients for both males (p = 0.0015 for stroke volume, p = 0.0009 for RVEF) and females (p =
0.0030 for stroke volume, p = 0.017 for RVEF). The lower limit of RVEF was higher in TM
patients (males 58.0% vs. 50.0%, females 56.4% vs. 50.1%). The cardiac output was higher in
the TM cohort than controls (p = 0.014 for males, p = 0.0033 for females) and this finding was
confirmed when cardiac output was indexed for BSA (cardiac index, p < 0.0001). No significant
difference was found however between TM patients and controls for either RV end-systolic

volume index or RV mass index (p = 0.11 to 0.77).

P=0.027
100
HMale TM patients
O Controls
80
FP=0.0009
P=0.0015
60
P=027
40 P=0.77
20
0

RVEDVI RVESVI RVSVI RVEF RWVMI
(mL/m2)(mL/m2)(mL/m2) (%) (g/m?)
Figure 7.2. Right ventricular volumes and ejection fraction in male TM patients and controls.
RVEDVI = right ventricular end-diastolic volume index, RVESVI = right ventricular end-systolic
volume index, RVSVI = right ventricular stroke volume index, RVEF = right ventricular ejection

fraction, RVMI = right ventricular mass index.
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Figure 7.3. Right ventricular volumes and ejection fraction in female TM patients and controls.

Abbreviations as in figure 7.2.

7.4.3. Correlation with hemoglobin levels

Hemoglobin results which coincided with CMR scans (blood tests within one week of the scan)
were obtained in 59% of the patients investigated. There was no difference in any of the RV
parameters between those patients with hemoglobin results and those in whom the results
were unavailable. Mean hemoglobin level was 9.7 + 1.8 g/ dL for males (n =20) and 10.5+ 1.4
g/dL for females (n = 27). In the female TM patients, no significant correlations existed
between hemoglobin concentration and any of the RV parameters. In male TM patients, an
inverse correlation was found between cardiac index and haemoglobin (r =-0.47, p = 0.04). No

other significant correlation was found.
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7.5. DISCUSSION

Cardiac complications due to myocardial siderosis remain a serious problem for TM patients.
Until recently, more than 50% of TM patients died before the age of 35 from cardiac failure
[Modell 2000]. The monitoring of cardiac iron using T2* CMR has had a major impact on
saving the lives of patients by identifying cardiac iron overload prior to the occurrence of
heart failure which therefore allows tailored cardiac chelation [Modell 2008]. However,
cardiac T2* is not available in all centers and non-cardiac measures of iron loading are not
satisfactory for assessing the risk of heart failure in comparison with cardiac T2* [Kirk 2009].
An indirect approach to assessment of cardiac iron loading is to measure cardiac volumes and
function. Although the literature establishing the value of this approach is rather sparse [Davis
2004], it has the merit that techniques for assessment of cardiac function such as
echocardiography are widely available and its application is included in some clinical
guidelines [Yardumian 2005]. In favor of the use of functional heart measurements is the clear
evidence of a correlation with cardiac iron loading that is not present for cross-sectional
measures of blood iron (ferritin) or liver iron [Anderson 2001]. Any such approach however,
requires that normal values for TM patients who do not have cardiac iron loading are
established. Previous data has shown that left ventricular volumes and function in non-cardiac
iron loaded TM patients are significantly different from healthy non-anemic controls
[Westwood 2007], but there is no data on the normal values of RV volumes and function in
non-cardiac iron loaded patients with TM. The right ventricle has consistently been
underestimated as an important factor in heart disease and its power to predict adverse
cardiac outcomes, which is independent and additional to LV function, has often been
overlooked in the past. The balance has been addressed in a number of relatively recent
studies of the RV in association with outcomes in heart failure syndromes related to dilated

cardiomyopathy [La Vecchia 2001], chronic systolic dysfunction [Meyer 2010], and ischemia



Chapter 7 Page 145 Normal RV in TM

[Di Salvo 1995, de Groote 1998, Ghio 2001], and also in patients with congenital heart disease
[Gatzoulis 1995, Graham 2000, Roos-Hesselink 2004]. This suggests that RV function may be a
significant contributor to the clinical manifestation of heart failure seen in myocardial iron
overload. Therefore in this study, we evaluated RV parameters using CMR in a population of
regularly transfused TM patients with no cardiac iron loading or pulmonary hypertension or
other cardiac morbidity and have compared the findings to those of healthy non-anemic
subjects to established reference ranges that would prove useful to assess the functional
effects on the heart of iron overload. Many TM patients have growth retardation with short
stature and low body weight. The direct comparison of raw RV indices between TM patients
and a cohort of healthy non-anemic subjects therefore requires indexing the RV volumes to

body surface area.

Our results show that compared with healthy non-anemic controls, TM patients have a higher
RV stroke volume and heart rate, which results in a higher cardiac output. The RVEF is also
increased mainly as a result of an increased end-diastolic volume. These results are similar to
the observations of LV parameters in TM but the differences in RV parameters appear to be
less pronounced than those found for the LV [Westwood 2007]. Our results stress that if
functional measurements of the heart are to be made and used clinically to indirectly assess
cardiac iron loading, then it is vital to use reference ranges from TM patients with no cardiac
iron loading as presented from this study in order to prevent underdiagnosis of cardiac

siderosis when using the EF, or its overdiagnosis when using the end-diastolic volume.

No correlation between hemoglobin level and RV parameters was identified in female TM
patients but in males, there was an inverse correlation between haemoglobin and cardiac
index. It is not evident why male and female patients differ but the result mirrors previous
observations [Westwood 2007]. An inverse relationship between haemoglobin and cardiac

index is predictable, and indicates a higher output state with a greater degree of anemia.
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There was no correlation between hemoglobin and RVEF for either sex, a finding supported by
a previous study which found no difference in LVEF using radionuclide ventriculography both
before and 24 hours after blood transfusion [Davis 2004]. Pulmonary hypertension (which
may depress RV function and cause right heart failure) has been described in thalassemia
patients but although it is prominent in those with thalassemia intermedia, it is uncommon in
well treated TM patients [Aessopos 2004, Aessopos 2005a, Aessopos 2005b]. Not only have
we purposely excluded patients with pulmonary hypertension from this study, but we also
found no significant difference in RV mass between cases and controls, a sensitive and specific
measure for the diagnosis of pulmonary hypertension using CMR [Saba 2002]. Therefore we

believe there is no confounding of our results from pulmonary hypertension.

The right ventricle has a complex anatomical structure in comparison to the LV. Whereas the
LV is approximately circular in cross-section, the RV is crescentic, wrapping around the LV with
separate inflow and outflow portions, the tricuspid and the pulmonary valves being physically
separated by a muscular subpulmonary infundibulum. The RV is thin walled with many
trabeculations and there is a moderator band of myocardial tissue towards the apex. All of
these features create challenges for modeling RV volumes, making it more difficult to perform
reliable measurements using standard echocardiographic techniques. CMR is able to
overcome most of these issues and is currently considered the gold standard for the
measurement of cardiac volumes and function [Grothues 2004], with well defined normalized
values for the RV [Maceira 2006a]. The relative accuracy of echocardiography in relation to
CMR must therefore be considered when interpreting results of RV measurements in clinical

practice.

There is previously published data regarding RV function in patients with established heart
failure due to myocardial siderosis and other studies have reported RV parameters in TM

patients across a wide range of iron loading [Hahalis 2002, Pepe 2006b, Mavrogeni 2008].
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However, our study focuses only on RV volumes and function in TM patients without evidence

of cardiac iron loading.

7.5.1. Limitations

We have restricted our investigation to CMR parameters of RV function and comparisons with
RV measurements from other imaging modalities should be interpreted with caution. While
RVEF is the most widely available method for assessing RV function, it may not adequately
reflect RV contractility and other techniques for the assessment of the RV may provide
additional insights. For the haemoglobin correlation, we only used results in a subset of the
patients for which the time between the CMR scan and the hemoglobin estimation was less
than 1 week. Subset analysis showed no significant differences in any of the RV parameters
between patients with and those without hemoglobin results. We did not have reliable
information regarding the date of the most recent transfusion prior to the CMR assessment in
the TM cohort. While transfusion could potentially affect RV parameters including RVEF, there
is only limited data regarding the effects of transfusion on ventricular function. For the LV, no
significant difference in LVEF is observed between measurements taken before or 24 hours

after blood transfusion [Davis 2004].

7.6. CONCLUSION

Our findings show that the normal ranges for RV parameters differ between TM patients
without cardiac iron loading and normal, non-anemic controls. The lower limit of RVEF in TM
patients without cardiac iron loading is significantly higher than the lower limit of the normal
range in controls which could lead to underdiagnosis of iron-loading cardiomyopathy if this is

not appreciated. It is important to use reference ranges which are specific to non-cardiac iron



Chapter 7 Page 148 Normal RV in TM

loaded TM patients when assessing cardiac volumes and function as a surrogate for cardiac

iron loading.
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CHAPTER 8: EFFECTS OF COMBINED DEFERIPRONE WITH DEFEROXAMINE ON RIGHT VENTRICULAR

FUNCTION IN THALASSAEMIA MAJOR

8.1. ABSTRACT

Background: Combination therapy with deferoxamine and oral deferiprone is superior to
deferoxamine alone in removing cardiac iron and improving left ventricular ejection fraction
(LVEF). The right ventricle (RV) is also affected by the toxic effects of iron and may cause
additional cardiovascular perturbation. We assessed the effects of combination therapy on

the RV in thalassaemia major (TM) using cardiovascular magnetic resonance (CMR).

Methods: We retrieved imaging data from 2 treatment trials and re-analyzed the data for the
RV responses: Trial 1 was a randomized controlled trial (RCT) of 65 TM patients with mild-
moderate cardiac siderosis receiving combination therapy or deferoxamine with placebo; Trial
2 was an open label longitudinal trial assessing combination therapy in 15 TM patients with

severe iron loading.

Results: In the RCT, combination therapy with deferoxamine and deferiprone was superior to
deferoxamine alone for improving RVEF (3.6 vs. 0.7%, p=0.02). The increase in RVEF was
greater with lower baseline T2* 8-12ms (4.7 vs. 0.5%, p=0.01) than with T2* 12-20ms (2.2 vs.
0.8%, p=0.47). In patients with severe cardiac siderosis, substantial improvement in RVEF was

seen with open-label combination therapy (10.5% * 5.6%, p<0.01).

Conclusions: In the RCT of mild to moderate cardiac iron loading, combination treatment
improved RV function significantly more than deferoxamine alone. Combination treatment
also improved RV function in severe cardiac siderosis. Therefore adding deferiprone to
deferoxamine has beneficial effects on both RV and LV function in TM patients with cardiac

siderosis.
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8.2. INTRODUCTION

In transfusion-dependent thalassaemia major (TM) patients, iron chelation therapy is
mandatory to prevent or reverse iron accumulation caused by excess intake from
transfusional iron and the increased gastrointestinal absorption. Deferoxamine was the first
clinically available iron chelating agent, introduced over 40 years ago, and life expectancy in
TM increased dramatically with its use [Zurlo 1989, Olivieri 1994]. However, its beneficial
effects are tempered by the cumbersome treatment regimes required, which may be a
contributor to the frequently observed long term complications of heart failure and cardiac

death [Borgna-Pignatti 2004].

Deferiprone is an orally active chelator with a lower molecular weight that is uncharged at
physiological pH, and which is both hydrophilic and lipophilic enabling it to readily penetrate
myocardial cells. It has been shown to be superior to deferoxamine in removing iron from the
myocardium, and is associated with improved cardiac outcomes [Modell 2000, Anderson
2002, Piga 2003, Kolnagou 2006, Borgna-Pignatti 2006, Pennell 2006]. Due to differences in
their access to body iron pools, the use of a combination of the two chelators seems to have a
synergistic effect on removal of excess iron [Wonke 1998, Kolnagou 2006] A recent
randomised controlled trial comparing combination therapy with subcutaneous deferoxamine
and oral deferiprone against deferoxamine monotherapy showed combination treatment to
be superior in removing cardiac iron and improving left ventricular ejection fraction (LVEF)
[Tanner 2007]. The beneficial effects of combination therapy on LVEF have also been

confirmed in patients with TM and severe iron loading [Tanner 2008].

However, despite this success for LV function, the importance of combination therapy on right
ventricular (RV) function has not been reported, even though the RV can be affected by the
toxic effects of myocardial iron [Hahalis 2002, Alpendurada 2010]. Cardiovascular magnetic

resonance (CMR) provides highly reliable and reproducible measurements of RV volumes and
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function as well as myocardial iron using the T2* method [Maceira 2006b, Anderson 2001].
We therefore compared the effects of combination treatment (deferoxamine and
deferiprone) with deferoxamine monotherapy on RV function in TM patients with cardiac iron

overload.

8.3. METHODS

8.3.1. Study population

In order to examine the effects of combination treatment on the RV, we reanalyzed imaging
data from 2 previously reported trials. The first was a randomized, double-blind, placebo
controlled trial (RCT) comparing combined therapy of deferoxamine with deferiprone against
deferoxamine with placebo in mild-moderate myocardial siderosis [Tanner 2007]. The second
trial was a longitudinal open-label study of combination treatment (no comparison arm) in
patients with severe cardiac siderosis and impaired LV function [Tanner 2008]. Both trials
were run simultaneously in Cagliari Italy (figure 8.1). The study protocol was approved by
ethics committees in London and Cagliari. Patient information and consent forms were in
Italian and all patients gave written informed consent [Tanner 2007, Tanner 2008]. Brief

details of the trials are given below.

In the RCT, 167 adult TM patients (75 males, mean age 30 * 5.3 years) were screened for
guantification of myocardial iron loading using myocardial T2*. Inclusion criteria for patient
screening were: diagnosis of TM currently maintained on subcutaneous deferoxamine
monotherapy; age >18 vyears; and maintaining pre-transfusion haemoglobin > 9 g/dL.
Exclusion criteria were: patients who had received deferiprone for a total of >6 months over
the last 5 years; patients with previous reaction to deferiprone; neutropenia (absolute

neutrophil count <1.5 x 10°/L) at screening; thrombocytopenia (<50 x10°/L) at screening; liver
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enzymes > 3 times upper limit of normal; any condition making CMR impossible or
inadvisable. Of the 167 patients screened, 108 had significant myocardial siderosis (T2* < 20
ms), of whom 22 (13%) had severe myocardial loading (T2* < 8 ms). Patients with mild to
moderate cardiac iron loading who satisfied the trial entry criteria (myocardial T2* 8-20 ms,
n=86) were invited for further detailed assessment by CMR. Of these, 65 were subsequently
randomized to receive either deferoxamine plus deferiprone (combined group; n=32) or

deferoxamine plus placebo (deferoxamine group; n=33), and were followed-up for 12 months.

Patients with severe cardiac siderosis (T2* < 8 ms) were excluded from the RCT and it was at
the treating clinician's discretion to determine best clinical practice for chelation therapy. Of
the 22 patients with severe myocardial siderosis, 15 (9 females, 28.9 + 4.8 years) received
open-label combination therapy according to locally developed protocols, and were followed
prospectively over one year. These patients were used in a secondary comparative analysis

against patients from the randomised trial who were on combination therapy.

8.3.2. Cardiovascular magnetic resonance

A mobile 1.5 Tesla CMR scanner (Sonata, Siemens Medical Systems, Erlangen, Germany) was
transported to Cagliari for this research. Myocardial and hepatic T2* were assessed using the
bright-blood single breath-hold multi-echo technique as previously described [Westwood
2003a). T2* analysis was performed using Thalassaemia-Tools (a plug-in of CMRtools,
Cardiovascular Imaging Solutions, London, UK) with curve truncation to account for
background noise [He 2008]. Right ventricular volumes and ejection fraction were determined
at baseline and at 12 months of treatment with steady state free precession cines using

contiguous short-axis slices from base to apex [Maceira 2006b]. CMRtools was used for RV
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volume analysis. These measurements were performed by observers blinded to the patient’s

clinical details and chelation regime.

167 screened

108 myocardial siderosis [~ =—=—=—==—=—===—===——=—==—=—=——

86 myocardial T2* 8-20ms 22myocardial T2* <8 ms
(mild-moderate loading) (severe iron loading)
]
I
|
1
65 randomised 15 prospective
]
|
I
|
32 Deferoxamine + ) 15 Deferoxamine +
) 33 Deferoxamine + placebo .
deferiprone deferiprone
I
]
12 months :
I
28 completed 30 completed 15 completed
3 adverse events 1 adverseevent
. . 0 adverse events
1 patient request 2 patient requests

Figure 8.1. Study flow chart.

8.3.3. Echocardiography

Doppler echocardiography studies were performed at baseline and at 12 months to look for
pulmonary hypertension. Pulmonary artery systolic pressures (PAP) were determined by peak
velocity of the tricuspid regurgitation jet plus estimation of right atrial pressures using

standard methodology. Pulmonary hypertension was defined as PAP > 40 mmHg.
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8.3.4. Biochemistry

Laboratory measures included weekly full blood count (due to the risk of agranulocytosis with
deferiprone), serum ferritin (Abbott AXSYM System), B-type natriuretic peptide (BNP-Biosite

Diagnostics Inc, San Diego, California), and liver function tests (alanine aminotransferase-ALT).

8.3.5. Statistical Analysis

Categorical data are presented as frequency and percentage (%). Continuous variables are
presented as mean * standard deviation (SD), except for BNP, which is displayed in median
and interquartile range; and for T2* and ferritin, which use the geometric mean (anti-log of
the mean of the log data) + coefficient of variation (CV). Baseline characteristics of both
treatment groups were compared using an unpaired two-tailed t-test for continuous variables
(except for BNP, which was compared by a non-parametric test) and a chi-squared test for
categorical variables. Analysis of variance (ANOVA) was used to compare changes in T2* and
RVEF over 12 months with treatment and baseline measures entered as covariates. Changes
in RVEF over 12 months within individual groups were compared with a paired t-test.
Correlations of myocardial T2* with ventricular function were performed using the
Spearman’s rank test. Subgroup analysis was performed according to severity of myocardial
iron loading with cut-offs of 8ms and 12ms used to define patients with mild (T2* 12-20 ms),
moderate (T2* 8-12ms) and severe (T2* < 8ms) iron loading. Intraobserver and interobserver
variability was assessed using the method of Bland and Altman [Bland 1986]. The coefficient
of variability was calculated as the SD of the differences between two sets of measurements
divided by the mean value of the parameter under consideration. Statistical significance was
set at p <0.05. All statistical analysis was performed using Stata 10.1 software (StataCorp,

Texas, USA).
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8.4. RESULTS

8.4.1. RCT in mild to moderate cardiac siderosis

The baseline findings and the results of the RCT comparing combination treatment against
deferoxamine alone for changes in myocardial T2* and LVEF have been previously published

[Tanner 2007], and are briefly summarized here (table 8.1).

Table 8.1. Baseline characteristics of the randomized controlled trial population, according

to treatment arm.

Combined Deferoxamine p-value
Number of patients 32 3 -
Age (years) B8+ 42 2B7 +£53 09
Gender {male) 14 [44%) 13 (3996 05
Body surface area 1534 015 156 + Q.16 05
Heart rate 7B+ 10 81 +16 03
Deferoxamine dose (mg/ka/day) 406+ 132 (5 days‘week) 405 + 140 5 days/week) 1.0
CMR measures
Miyocardial T2* 11.7 (QO8) 124 (0071) 03
Liver T2* 49 (052 4.2 (062) 05
RVEDWV (mL) 1295 + 308 1318 + 344 08
RVESV {ml) 525+ 175 523 + 185 10
RVEF (%) 602+ 72 10+ 71 0.7
Echo measures
PAP (mmHqg) 223+ 50 205 +54 04
Blood measures
Transfusional red blood cell input (mLkgfvean) 1334 + 349 1302 + 386 07
Haemoglobin (g/L) 106 + 96 102 + 95 0.1
Hepatitis C positive 213 (725%) 26 (79%) 04
Serumn ferritin (pg/L) 1574 (11) 1375 (10) 05
BNF (pmal/L) 136 (36, 30.1) 152 (73, 26.2) 0.7
Creatinine (mg/dL) 077+ 02 074 + 023 06
Cardiac medication
Any 51 8 (24%) 04
Digoxin SN 4 (12%) 0.7
ACEVARB 514 8 (24%) 04
Diuretics 3 (99%) 5 (15%) 05

Values are presented as n (%), mean + S0, geometric mean (coefficient of variation), or as median (25% - 75" percentilel. RV = right ventricular EDV = end-
diastolic volume; ESV = end-systolic volume; PAP = pulmonary artery systolic pressure; BMP = B-type natriuretic peptide. ACEi = angiotensin-converting enzyme
inhibitors; ARB = angiotensin |l receptor blockers,

The patients randomized to combination therapy or deferoxamine alone were evenly

matched at baseline. The prescribed dose of deferiprone in the combination arm was 75
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mg/kg/day. The average dose of deferoxamine in the deferoxamine alone arm (40.5
mg/kg/day for 5 days/week) was comparable to the combination arm (40.6 mg/kg/day for 5
days/week, p=1.0). Four patients in the combination arm withdrew from the study (3 due to
adverse events), and 3 patients in the deferoxamine arm withdrew (1 due to an adverse
event). Thus, 28 patients in the combination arm and 30 patients in the deferoxamine alone
arm completed the study. Over 12 months, the combination treatment group showed
superior improvement in myocardial T2* compared with the deferoxamine group (ratio of

change in geometric means 1.50 vs. 1.24, p=0.02).
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Figure 8.2. Change in myocardial T2* (left panel) and in RVEF (right panel) over 12 months

according to treatment arm. Vertical lines represent standard error.

In the combination group RVEF increased from 60.2+7.2% at baseline to 63.8+5.9% at 12
months (p<0.01), whereas in the deferoxamine group RVEF did not change significantly
(61.04£7.1% at baseline vs. 61.7+£6.4% at 12 months, p=0.49). There was a significant difference
in the RVEF response between groups favouring combination therapy (3.6 vs. 0.7%, p=0.02;

figure 8.2). The improvement in RVEF in the combined group was mainly driven by a decrease
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in RV end-systolic volumes (52.5+17.5 ml to 46.4+14.9 ml, p<0.01) rather than a change in RV
end-diastolic volumes (129.5+30.8 ml to 126.1+29.8 ml, p=0.20). There was no significant
change in PAP between the combination vs. the deferoxamine arm from baseline to one year

(-1.8 mmHg vs. +0.3 mmHg, p=0.19).

—i— Combined e oy bined

- = DFO — 4= [OFO

Change in RVEF (%)
Change in RVEF (%)
L =y

N\

\
|
IR}

\

\

\

Y

a

2
= q\
\
]
{1
\
]
IV

[
s ]

T2¢12-20ms Y

Months Months
Bartwdiidn gioups: p=0.01 Betvween groups: p=0.44

T2* B-12 ms

Figure 8.3. Change in RVEF over 12 months according to treatment arm and myocardial T2*
at baseline (T2* 8-12 ms on left panel, T2* 12-20 ms on right panel). Vertical lines represent

standard error.

The median myocardial T2* in the RCT at baseline was 12.0 ms. This value was used as a cut-
off to define patients with mild (myocardial T2* 12-20 ms) and moderate iron loading
(myocardial T2* 8-12 ms), and this was in accord with the cut-offs used in the original trials.
Both subgroups were then analysed according to the chelation regime. Comparing the
individual treatment arms, we observed a significant improvement in RVEF in patients with
T2* between 8 and 12 ms on combination therapy (58.5£6.9% at baseline vs. 63.3+6.0% at 12
months, p<0.01), and borderline significant improvement in patients with T2* between 12 and
20 ms (62.1+7.3% at baseline vs. 64.316.0% at 12 months, p=0.08). Conversely, patients on

deferoxamine alone had no significant improvement in RVEF, whether the baseline T2* was 8-
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12ms (59.316.8% at baseline vs. 59.8+6.4% at 12 months, p=0.70) or 12-20ms (62.5+7.2% at
baseline vs. 63.3+6.1% at 12 months, p=0.58). Comparison of the between groups effects
showed that combination therapy was superior to deferoxamine alone in improving RVEF in
patients with baseline T2* below 12ms (4.7% vs. 0.5%, p=0.01) but not in those with T2*

above 12ms (2.2% vs. 0.8%, p=0.47; figure 8.3).

Intraobserver and interobserver variability of the right ventricular volumes and ejection
fraction was derived from the first 20 subjects participating in the study (table 8.2). The
coefficient of variability for the right ventricular measurements was small, in keeping with

previous publications on the same area [Grothues 2004, Hudsmith 2005].

Table 8.2. Intraobserver and interobserver reproducibility for the right ventricle.

Intrachserver Interobserver
Mean difference (+ 5D) CoV (%) Mean difference (+ 5D) CoV (%)
RV end-diastolic volume {mL) 06 £ 50 39 6.7 + BY 7.1
RV end-systalic volume (mL) 00 £ 36 a7 20+ 47 89
RV ejection fraction (%) 05+189 32 10+ 30 52

CoV = coefficient of variability; RV = right ventricle.

8.4.2. Longitudinal open-label study in severe cardiac siderosis

The baseline findings and the results of the longitudinal study in the 15 patients with severe
iron loading (myocardial T2* < 8ms) evaluating combination treatment for changes in
myocardial T2* and LVEF have been previously published [Tanner 2008], and are briefly
summarized in table 8.3. Two patients were in clinical heart failure, and both had BNP levels
>100 pmol/l. The mean prescribed doses of deferoxamine and deferiprone at baseline were
38.0 mg/kg for 5.3 days/week (equivalent to 40.7 mg/kg for 5 days/week) and 73.9
mg/kg/day, respectively. During the trial, doses were reduced to 20.3 mg/kg for 4.5

days/week and 65.7 mg/kg/day respectively, primarily due to reductions in ferritin [Tanner
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2008]. All 15 patients received unblinded combination therapy with deferoxamine and

deferiprone throughout the study period. Over 12 months, there was a significant

improvement in myocardial T2* (ratio of change in geometric means 1.31, p<0.01).

Table 8.3. Baseline characteristics of the randomized controlled trial population (mild and
moderate myocardial iron loading) vs. open-label combination therapy population (severe

myocardial iron loading).

Mild-moderate

Severe p-
siderosis siderosis value
RCT Longitudinal
trial

Mumber 65 15 -
Age [years) 2BR+47 278 £ 48 05
Gender (male) 27 (41.5% & (400096 0o
Body surface area 155 +0.15 156 + 013 08
Heart rate 79+ 13 o7+ 18 oo
Deferowamine (mgfka/ 4056 £ 135 407 + 120 0o
day) (5 daysiwesk) (5 daysiwesk)
CMR measures
Myocardial T2* 20 10.13) 6.0 (0.09) MNSA
Liver T2% 45 (057) 29 (0567) 0.05
RVECY {mL) 1307 + 324 1467 + 351 0.2
RVESY (mL) 524+ 178 765 + 276 0.
HVEF (%) &05 + 7.1 450 +£ 94 0.
Echo measures
FAP (mmHg) 216 +52 220+59 08
Blood measures
Hepatitis { positive 49 (75%) 17 (73% 05
Serum ferritin (pg/L) 1472 {011 2057 (008} 01
BNP [pmaol/L) 150 (7.1, 2B 8) 2610 (1545 405) 0O
Cardiac medication
Ay 13 (20%) T (47%) 003
Digoxin 7119 4 (27%) 0l
ALEVARE 13 (2096) 7 47%) 0.03
Diuretics B (129%) 4 (27%) 02

Values and abbreviations presented as in table 8.1.
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In 12 of the 15 patients (80%), the baseline RVEF was low compared to a reference TM
population with a normal T2* [Carpenter 2010]. The baseline RVESV was significantly raised
and there was a trend for a higher RVEDV, resulting in a significantly reduced mean RVEF
(49.0+9.4%) when compared to the population with less severe iron loading (table 8.3). The
open-label group was more frequently medicated for heart failure, particularly angiotensin-
converting enzyme inhibitors (ACEi)/angiotensin Il receptor blockers (ARB). No patients in the
RCT or open-label cohorts were on beta-blockers. Pulmonary artery systolic pressures were
similar in both groups (22.0+5.9 mmHg vs. 21.6+5.2 mmHg, p=0.82). Over 12 months, there
was a significant improvement in RVEF (10.5%5.6%, p<0.01), with no significant change in PAP
(22.0 mmHg vs. 24.4 mmHg at 12 months, p=0.16). No new cardiac medications were
commenced during the study (except for the 2 patients presenting with heart failure, who
were asymptomatic by the end of the study). Despite a positive trend, neither cardiac
medication as a whole (increase RVEF 12+6% vs. 915%, p=0.2), nor individual medications
(digoxin: 14+3% vs. 10+6%, p=0.2; ACEi/ARB: 12+6% vs. 9+5%, p=0.2; diuretics: 13+5% vs.
101£6%, p=0.4) were significantly associated with a higher increase in RVEF compared with

those without cardiac medication.

When grouping the patients on combination therapy (the 32 patients from the combination
arm in the RCT plus the 15 unblinded patients on open-label combined therapy), we found an
inverse relation between myocardial T2* at baseline and improvement in RVEF over one year
(figure 8.4). Patients with severe iron loading had a greater improvement in RVEF than

patients with moderate iron loading (10.5% vs. 4.7%, p<0.01).
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Figure 8.5. Correlation of change in RVEF with change in LVEF over 12 months.

8.4.3. Entire study cohort

In the cohort of 80 patients with myocardial iron loading, a significant correlation was

observed between baseline myocardial T2* and baseline RVEF (r=0.46, p<0.01) and baseline
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LVEF (r=0.50, p<0.01). Accordingly, there was a strong correlation between RVEF and LVEF at
baseline (r=0.82, p<0.01). The improvement in RVEF during the study period also correlated
with the improvement in LVEF (r=0.79, p<0.01; figure 8.5). We also analyzed the change in
RVEF with the change in cardiac iron as derived from recent human cardiac iron calibration
data from Carpenter et al [Carpenter 2011]. There was a significant inverse correlation
between the improvement in myocardial iron concentration and the improvement in RVEF

(r=-0.42, p<0.01).

8.5. DISCUSSION

With the development of the T2* technique, CMR has provided new insights into iron-
overload cardiomyopathy, as the myocardial iron concentration and its toxic effect on
ventricular function can be assessed at the same time with the same high-fidelity technique.
In the first T2* publication by Anderson et al, normal T2* levels were associated with normal
LVEF, but when T2* fell below 20ms, there was a progressive fall in LVEF, showing that
increasing iron loading is associated with worsening of LV function [Anderson 2001]. Similar
observations have recently been made for the RV [Alpendurada 2010], suggesting RV
dysfunction may be a contributor to heart failure and cardiac mortality in TM patients, as has
been found in other cardiac conditions [Di Salvo 1995, Juilliere 1997, Ghio 2001, Larose 2007,
Meyer 2010]. However, to date, there has been little published data on the response of the
right ventricle to chelation therapy, and no data at all on the most appropriate chelation

regime in the presence of right ventricular dysfunction.

Chelation with deferoxamine has been one of the cornerstones for the treatment of TM. It has
been extensively studied over the past decades and has shown to decrease the total body iron

burden, prevent complications of iron overload and improve survival in TM [Zurlo 1989,
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Olivieri 1944, Brittenham 1994]. However, long-term deferoxamine monotherapy has been
hampered by poor compliance and failure of long term prevention of myocardial iron
deposition, heart failure and cardiac deaths [Modell 2000, Anderson 2002]. Deferiprone is a
more recent iron chelator which has a lower molecular weight, is more lipophilic, is uncharged
at physiologic pH and consequently appears better able to penetrate cells and organelles than
deferoxamine. This may in part explain why deferiprone is superior to deferoxamine for
removing iron from the heart [Pennell 2006]. The combined use of these two chelating agents
which exploits the relative merits of each drug, has been supported in animal models, and has
become an attractive therapeutic option in severe cardiac iron loading or when negative iron
balance has not been achieved by other methods [Link 2003, Origa 2005, Tanner 2007].
Observational, prospective and randomised controlled studies have demonstrated the efficacy
of combined therapy in removing iron from the liver and heart, improving endothelial function
and left ventricular function [Tanner 2007, Tanner 2008], as well as endocrine function
[Farmaki 2010]. Our current study compared the effects of combination therapy on RV
function in TM patients with myocardial iron loading. Our findings from the RCT show
combination therapy to be superior to subcutaneous deferoxamine alone in improving RV
function in patients with mild and moderate iron loading. In addition, our data from the
longitudinal open-label study show that RV dysfunction is reversible even in patients with
severe iron overload. It is of interest that the recovery in RV function was greatest in patients

with a more severe degree of myocardial siderosis and RV dysfunction.

It is well recognized that RV performance depends not only on intrinsic contractility but also
on RV afterload, which is the resistance that the RV has to overcome during ejection.
Increased pulmonary artery pressures reflecting increased pulmonary vascular resistance may
thus impair RV function [Shekerdemian 1997]. However, none of the participants in this study

had pulmonary hypertension, in line with previous studies suggesting a low prevalence of
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pulmonary hypertension in TM [Derchi 1999, Aessopos 2004]. Whilst an improvement in
myocardial T2* was associated with an improvement in RVEF, no significant changes in
pulmonary artery pressures were observed throughout the study. Therefore, the
improvement in RV function seen in this population was independent of pulmonary artery

pressure thus eliminating a potential confounding factor for the evaluation of RV function.

Our data are unusual, because reversible RV dysfunction in the setting of a cardiomyopathy is
a rarely documented phenomenon. The magnitude of recovery in RV function parallels the
recovery in LV function, and this correlates with the response to chelation therapy. This is in
keeping with the findings of other studies in non-ischaemic cardiomyopathies, where it has
been observed that LV and RV function is usually affected in a similar way and to a similar
extent [Juilliere 1997, La Vecchia 2001]. The close association seen between RVEF and LVEF
and the increase of these parameters over time following successful myocardial iron chelation
supports the concept that intrinsic RV myocardial contractility is predominantly affected by
intracellular iron and plays a key role in RV performance in this toxic-induced cardiomyopathy
model [Alpendurada 2010]. Finally, as right ventricular ejection fraction has incremental
prognostic value which is additional to LVEF [Juilliére 1997, Di Salvo 1995, Ghio 2001, Larose
2007], it is reasonable to suggest that the improvement in RVEF seen in this study with the

combined use of deferiprone and deferoxamine may contribute to improved outcomes.

8.5.1. Limitations

This is a retrospective analysis of 2 trials designed to assess the change on myocardial T2*
with iron chelation regimes in which RV parameters were not planned as primary end-points.
Nevertheless, all data was prospectively collected and the current RV analysis was blinded to

the patients’ details and chelation regimes.
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8.6. CONCLUSIONS

In the RCT of mild to moderate cardiac iron loading, combination treatment improved RV
function significantly more than deferoxamine alone. Combination treatment also improved
RV function in severe cardiac siderosis. Therefore adding deferiprone to deferoxamine has

beneficial effects on both RV and LV function in TM patients with cardiac siderosis.
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CHAPTER 9: RIGHT VENTRICULAR DYSFUNCTION IS A PREDICTOR OF NON-RESPONSE AND CLINICAL

OUTCOME FOLLOWING CARDIAC RESYNCHRONIZATION THERAPY

9.1. ABSTRACT

Background: Cardiac resynchronization therapy (CRT) is an established treatment in advanced
heart failure (HF). However, an important subset does not derive a significant benefit. Despite
an established predictive role in HF, the significance of right ventricular (RV) dysfunction in
predicting clinical benefit from CRT remains unclear. We investigated the role of RV function,
assessed by cardiovascular magnetic resonance (CMR), in predicting response to and major

adverse clinical events in HF patients undergoing CRT.

Methods: Sixty consecutive patients were evaluated with CMR prior to CRT implantation in a
tertiary cardiac centre. The primary end-point was a composite of death from any cause or
unplanned hospitalization for a major cardiovascular event. The secondary end-point was
response to therapy, defined as improvement in left ventricular ejection fraction >5% on

echocardiography at one year.

Results: Eighteen patients (30%) met the primary end-point over a median follow-up period of
26 months, and 27 out of 56 patients (48%) were considered responders to CRT. On time-to-
event analysis, only atrial fibrillation (HR 2.6, 95% ClI 1.02-6.84, p=0.047) and RV dysfunction,
either by a reduced right ventricular ejection fraction - RVEF (HR 0.96, 95% CI 0.94-0.99,
p=0.006) or tricuspid annular plane systolic excursion - TAPSE (HR 0.88, 95% Cl, 0.80-0.96,
p=0.006), were significant predictors of adverse events. On logistic regression analysis,
preserved RVEF (OR 1.05, 95% Cl 1.01-1.09, p=0.01) and myocardial scar burden (OR 0.90,
95% Cl 0.83-0.96, p=0.004) were the sole independent predictors of response to CRT. Patients

with marked RV dysfunction (RVEF<30%) had a particularly low response rate (18.2%) to CRT.
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Conclusions: Right ventricular function is an important predictor of both response to CRT and
long-term clinical outcome. Routine assessment of the right ventricle should be considered in

the evaluation of patients for CRT.

9.2. INTRODUCTION

Cardiac resynchronisation therapy (CRT) is an established therapeutic option for selected
patients with symptomatic heart failure (HF). Amongst its benefits are reduced mortality,
improved exercise tolerance and quality of life [Cazeau 2001, Cleland 2005]. However, a
proportion of patients do not gain any significant benefit, the reasons for which are unclear.
Thus a number of devices are being implanted with no discernible clinical benefit, which has
important healthcare costs implications, as well as exposing patients to unnecessary risks. Our
current strategy for assessing benefit with CRT is mainly focused on assessing symptomatic or
functional response, but it is increasingly clear that this does not necessarily translate into
improved clinical outcomes. It is therefore important to refine the selection criteria for device
implantation to better identify those who would benefit - both in terms of response and

improved clinical outcomes.

Whilst much attention has focused on remodelling of the left ventricle (LV), the role of the
right ventricle (RV) in the appropriate selection of patients for CRT remains unclear [Epstein
2008]. Previous studies assessing RV function have utilised echocardiography and radionuclide
imaging [Field 2006, Scuteri 2009, Ghio 2009, Burri 2010]. However, accuracy of RV volumes
and function by these techniques may be inaccurate due to the anatomical location and
complex geometric structure. Cardiovascular magnetic resonance (CMR) imaging offers

superior three dimensional representation of the RV, leading to a more accurate and
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reproducible assessment of RV function [Hudsmith 2005]. We therefore sought to assess the

impact of RV function on outcomes in HF patients undergoing CRT implantation using CMR.

9.3. METHODS

9.3.1. Study population

We studied 60 consecutive patients attending the Royal Brompton Hospital heart failure
pacing clinic between January 2005 and March 2010 who fulfilled the following criteria: 1.
New York Heart Association (NYHA) class llI/IV at the time of CRT implantation; 2. QRS width 2
120 ms; 3. LVEF £ 35% by echocardiography, and; 4. CMR study within 3 months before CRT

implantation.

These patients were evaluated for clinical (aetiology of heart failure, symptom status and
medication, heart rate, blood pressure) and electrocardiographic (rhythm and QRS width)
parameters at the time of device implantation. As this study involved review of local patient
medical records, individual consent was not required by our Ethics Committee who approved

the study.

9.3.2. Imaging

Cardiovascular magnetic resonance studies were performed in 1.5T Sonata or Avanto
scanners (Siemens, Erlangen, Germany). A short-axis stack from atrio-ventricular level to the
apex was acquired using a steady-state free-precession cine sequence (echo time 1.6 ms,
repetition time 3.2 ms, flip angle 60°, slice thickness 7 mm with a 3 mm gap, acquisition time
of 8-12 cardiac cycles) to quantify left and right ventricular volumes. Long-axis cines were also

acquired to define the valve plane throughout the cardiac cycle. An inversion recovery
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gradient echo sequence was used 10 minutes after gadolinium injection (Magnevist® or
Gadovist®, 0.1 mmol/kg) to assess myocardial scar. Inversion times were set to null the
normal myocardium with images repeated in two stacks of identical short-axis planes but

separate phase-encoding directions to exclude artefact.

Left and right ventricular volumes were calculated using semi-automated software (CMR
tools, Cardiovascular Imaging Solutions, London, UK), as previously described (figure 9.1)
[Maceira 2006a, Maceira 2006b]. The resulting values were then indexed to body surface area
and compared to reference values from a control population [Maceira 2006a, Maceira 2006b]
Tricuspid annular plane systolic excursion (TAPSE) was measured from the 4-chamber view
(figure 9.2). RV dysfunction was defined as RVEF < 50% or TAPSE < 15 mm; severe RV
dysfunction was defined as RVEF < 30% or TAPSE < 10 mm. Peak RV wall thickness was

measured from the short-axis slices.

Valvular regurgitation was graded as mild (n=1), moderate (n=2) or severe (n=3) by blinded
observers, based on the echocardiographic and CMR findings. LVEF was also calculated by
echocardiography before and 1 year after device implantation using the Simpson’s method
from the 2-chamber and 4-chamber views. Pulmonary artery systolic pressure was

determined by echocardiography using standard methodology.

Contrast imaging with gadolinium was performed to assess the aetiology of the heart failure.
Assessment of late gadolinium enhancement (LGE) in the left or right ventricle was
interpreted by blinded observers. When present, the amount of LGE was quantified in a 16-
segment model based on the “full width at half maximum” technique by customized analysis

software (MRI-MASS, Medis, Leiden, the Netherlands) [0’ Hanlon 2010].
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Figure 9.1. Software used for ventricular volumes and mass measurements. Mid-ventricular
short-axis (top) and four-chamber views (bottom) at end-diastole (left) and end-systole (right).
Coloured areas represent the left and right ventricular cavities and myocardium. Ventricular
volumes are generated from a short-axis stack after being confined by the mitral and tricuspid

valve planes (red lines).

Figure 9.2. Four-chamber view in end-diastole (left panel) and end-systole (right panel). The
tricuspid annular plane is marked as a white line in diastole and as a dashed line in systole.

The red vector represents the tricuspid annular systolic excursion (TAPSE).
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9.3.3. Outcomes

All patients were followed-up in a heart failure clinic and standard medications were adjusted
and optimized at these appointments. Data was collected from local hospital records, nation-
wide summary case records and the Office for National Statistics. The primary end-point was a
composite of all-cause mortality or an unplanned hospitalization for a major cardiovascular
event; only the first event in each patient was included in this analysis [Cleland 2005]. The
secondary end-point was echocardiographic response to CRT, defined as an improvement in
LVEF by more than 5% by echocardiography 12 months after CRT implantation [Bax 2003,

Bleeker 2006b].

9.3.4. Statistical analysis

Categorical variables are presented as frequency and percentage. Continuous variables are
presented as mean * standard deviation (SD) if normally distributed, or as median plus inter-
quartile range (IQR) as appropriate. Continuous variables were compared with Student’s t-test
or the Mann-Whitney test for non-parametric data. Correlation was assessed with Pearson’s

or Spearman’s methods as appropriate.

Time to first event analysis was performed using Cox’s proportional hazard models. Log-rank
test was used to compare Kaplan-Meier cumulative event curves. Logistic regression was used
to assess response to CRT at 12 months. Multivariate logistic regression analysis using a
forward stepwise approach was performed on parameters that were significant on univariate

analysis.

A two-tailed value of p-value <0.05 was considered significant. All statistical analysis was

performed using SPSS 19.0 (IBM, Chicago, lllinois, USA).
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9.4. RESULTS

9.4.1. Patients

Patient baseline characteristics are presented in table 9.1. The mean age of the study
population was 65.3+12.5 years; most of the patients were male (76.7%). Heart failure was
ischaemic in 48.3% of patients, and atrial fibrillation/flutter was found in 23.3% of patients.
The mean heart rate was 76+15 bpm, and the mean QRS interval was 156121 ms (LBBB
morphology in 95.0%). The median time between CMR and device implantation was 6 days.

Fifty-six out of the 60 CRT (93%) devices were combined with a defibrillator (CRT-D).

Table 9.1. Baseline characteristics of the patients.

Age, years 65.3+12.5
Male gender 46 (76.7%)
Heart failure, aetiology

27 (45.0%)
29 (48.3%)

Dilated cardiomyopathy

Ischaemic

Valvular 3(5.0%)

Congenital 1(1.7%)
Rhythm

Sinus 46 (76.7%)

13 (21.7%)
1(1.7%)

Atrial fibrillation
Atrial flutter

Medication

Beta-blockers 43 (71.7%)

ACE inhibitors/ARB 58 (96.7%)
39 (65.0%)

52 (86.7%)
12 (20.0%)

Aldosterone antagonists
Loop diuretics

Digoxin

Aspirin 23 (38.3%)
0,

Warfarin 19(31.7%)

Sl 30 (50.0%)
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ECG

QRS width (ms) 156 + 21
Heart rate

Beats per minute (bpm) 76 £15
Blood pressure

Systolic (mmHg) 120+ 20

Diastolic (mmHg) 72+13
Left ventricle

EDV (mL/m?) 169 + 62

ESV (mL/m?) 124 + 55

EF (%) 27+8

Mass (g/m?) 113 +30
Right ventricle

EDV (mL/m?) 82 (65-123)

ESV (mL/m?) 38 (27-76)

EF (%) 52 (37-62)

TAPSE (mm) 13.5+5.6

Peak wall thickness (mm) 3.6+0.9
Pulmonary artery pressure (mmHg) 38.7+8.7
Late gadolinium enhancement

Absent 20 (33.3%)

o)

Subendocardial 19 (31.7%)

Subendocardial + mid-wall 6 (10.0%)

Mid-wall 15 (25.0%)

Right ventricle 5(8.3%)

Data is presented as n (%), mean * SD, or median (25th — 75th percentile). NYHA = New York
Heart Association; ACE = angiotensin-converting enzyme; ARB = angiotensin receptor blocker;
BNP = B-type natriuretic peptide; EDV = End-diastolic volume; ESV = End-systolic volume; EF =
Ejection fraction; TAPSE = tricuspid annular plane systolic excursion.

9.4.2. Left ventricle

Both mean left ventricular indexed end-diastolic and end-systolic volumes were high (169+62

and 12455 mL/m? respectively). The indexed left ventricular end-diastolic volume was
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increased in 93% of the patients, while the indexed left ventricular end-systolic volume was
increased in 99% of the patients compared to normal reference values [Maceira 2006a]. The

mean LVEF was 27+8%, and the mean mass index was increased at 113+30 g/mz.

Mitral regurgitation was seen in 90% of the patients, and was significant in 25% of patients
(18% moderate, 7% severe). Aortic regurgitation was seen in 25% of patients, and was

moderate in only one patient.

9.4.3. Right ventricle

Right ventricular indexed volumes and ejection fraction were non-normally distributed, and
hence presented as median plus inter-quartile ranges. The median end-diastolic and end-
systolic volumes were 82 (65-123) mL/m® and 38 (27-76) mL/m’ respectively. Right
ventricular indexed end-diastolic volume was increased in 38% of patients, while the indexed
end-systolic volume was increased in 53% of patients [Maceira 2006b]. The median RVEF was

52% (IQR 37-62%), with 53% of patients having a RVEF > 50%.

The mean TAPSE was 13.5+5.6 mm, with 40% of patients having values within normal limits
when the standard echocardiographic cut-off value of 15mm was considered. The mean peak

RV wall thickness was 3.6£0.9 mm.

In the 52 patients (87%) in whom it could be measured, the mean PASP was 38.7+8.7 mmHg,
with 37% of patients having a PASP > 40 mmHg. Tricuspid regurgitation was seen in 57% of the
patients, and was significant in 14% of patients (12% moderate, 2% severe). No significant

pulmonary regurgitation was identified in any patient.

There was a moderately strong correlation between RVEF with TAPSE (r=0.58, p<0.01), and a

moderate correlation between RVEF and LVEF (r=0.41, p<0.01). Severity of mitral
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regurgitation was associated with a higher PAP (p=0.01) and a lower RVEF (p<0.01). Modest
inverse correlations were observed between RVEF and pulmonary artery pressure (r=-0.37,
p<0.01), RV wall thickness (r=-0.28, p=0.03) and severity of tricuspid regurgitation (p=0.03).
TAPSE was inversely related with RV wall thickness (r=-0.29, p=0.03), but not with pulmonary

artery pressure (r=-0.15, p=0.28) or LVEF (r=0.09, p=0.48).

RVEF was similar in patients with an ischaemic and non-ischaemic aetiology (46.9+14.8% vs.
49.5+18.9, p=0.56), and in patients with AF compared to those in sinus rhythm (45.4+14.9%

vs. 49.2+17.8%, p=0.48).

9.4.4. Myocardial fibrosis

Left ventricular LGE was present in two-thirds of the patients: 19 patients (31.7%) had sub-
endocardial enhancement suggesting myocardial infarction, 15 patients (25.0%) had a mid-
wall enhancement pattern indicating fibrosis, and the remaining 6 patients (10.0%) had a
mixed pattern of myocardial infarction and mid-wall fibrosis. Myocardial infarction was
therefore present in 25 patients (41.7%): the septal wall was affected in 11 patients; the
inferolateral wall was involved in 15 patients. The median percentage of scar in the

myocardium was 4% (IQR 0-18%).

Right ventricular LGE was present in 5 patients (8.3%). All these patients had coronary artery
disease with inferior myocardial infarctions of the LV extending to the inferior free wall of the

RV.



Chapter 9

Page 176

RV and CRT

Table 9.2. Univariate analysis: Primary end-point (time to death from any cause or an

unplanned hospitalization for a major cardiovascular event).

Age (years)

Male gender

CAD

Atrial fibrillation
Heart rate (bpm)
SBP (mmHg)

QRS width (ms)
Left ventricle

EDV index (mL/m?)
ESV index (mL/m?)
EF (%)

Mass index (g/m?)
Mitral regurgitation
LGE

LGE (%)

Myocardial infarction
Right ventricle

EDV index (mL/m?)
ESV index (mL/m?)
EF (%)

TAPSE (mm)

Wall thickness (mm)

PAP (mmHg)

Events (n=18)

69.6 £11.9
14 (78%)
10 (56%)
6 (39%)

79.2+194
124 £ 22
151+25

159 + 54
120 + 52
26.9 +9.5
106 + 25
1.3+0.6
13 (72%)
9.5 (0-20)
9 (50%)

95 (76-138)
52 (35-102)
39 (25-54)
11.0+ 4.4
3.9+1.0
425+83

No Events (n=42)

63.3+12.3
32 (76%)
17 (41%)
8 (17%)

74.1+12.5
118 £19
158 £ 21

173 + 64
126 + 56
28.9+7.6
115 + 32
1.2+0.8
27 (64%)
3(0-17)
16 (38%)

77 (60-103)
34 (21-66)
55 (43-66)
14.5+5.9

3.5+0.9
37.5+85

HR
1.04
1.14
1.73
2.63
1.02
1.01
0.99

0.99
0.99
1.00
0.98
1.33
1.57
1.01
1.57

1.01
1.01
0.96
0.88
1.54
1.06

95% CI
0.99-1.09
0.37-3.46
0.68-4.38
1.02-6.84
0.99-1.05
0.99-1.04
0.96-1.01

0.98-1.00
0.98-1.00
0.94-1.06
0.97-1.00
0.73-2.44
0.50-3.98
0.98-1.05
0.62-3.95

1.00-1.02
1.00-1.02
0.94-0.99
0.80-0.96
0.93-2.56
1.00-1.12

P value

0.07
0.82
0.25
0.047
0.22
0.36
0.23

0.09
0.19
0.93
0.08
0.35
0.51
0.54
0.34

0.12
0.06
0.006
0.006
0.09
0.07

Values are n (%), mean * SD, or median (25" — 75™ percentile). HR = hazard ratio; Cl =

confidence interval. CAD = Coronary artery disease; SBP = systolic blood pressure; LGE = late

gadolinium enhancement; PAP = Pulmonary artery pressure. Other abbreviations as in table 1.
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9.4.5. Follow-up

During a median follow-up of 26.1 months (IQR 16.1-39.3 months) after CRT implantation,
there were 13 unplanned hospitalizations for a cardiovascular cause (all for heart failure
decompensation), and 11 deaths (8 cardiac and 3 non-cardiac deaths). The primary end-point
was reached by 18 patients. Atrial fibrillation and RV dysfunction emerged as the only
predictors of the primary composite end-point on univariate analysis (table 9.2). Patients in
atrial fibrillation or flutter had a HR of 2.6 (95% ClI 1.02-6.84, p=0.047) for the primary end-
point. For each 10% decrease in RVEF, the risk of the primary end-point increased by 40% (HR
0.96, 95% Cl 0.94-0.99, p=0.006); for each 1 mm decrease in TAPSE, the risk of the primary
end-point increased by 12% (HR 0.88, 95% Cl 0.80-0.96, p=0.006). Kaplan-Meier curves for RV

function assessed by RVEF or TAPSE are displayed on figure 9.3.

After documenting AF as a predictor of outcomes, we performed a post-hoc analysis on
delivery rate, defined as the percentage of paced left ventricular beats. Data was collected
from routine pacing clinic visits during the first year of implantation. Unlike AF, delivery rate

was not associated with the primary end-point (HR 0.97, 95% Cl 0.88-1.08, p=0.56).

9.4.6. Response to therapy

Of the 56 patients (93%) followed-up for over a year, 27 were considered to be responders as
they had an increase in LVEF >5% at one year of follow-up. Thus the response rate using this
criterion was 48% (table 9.3). Two sets of closely related parameters were associated with
non-response to CRT on univariate analysis: (1) coronary artery disease, associated with
myocardial infarction and scar burden (myocardial fibrosis plus infarction relative to LV mass),
were predictors of non-response to therapy; (2) right ventricular dysfunction (lower RVEF and

TAPSE) and hypertrophy (thicker RV free wall). Myocardial scar burden (OR 0.90, 95% Cl 0.83-
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0.96, p=0.004) and RVEF (OR 1.05, 95% Cl 1.01-1.09, p=0.01) were the only variables to remain

significant on multivariate analysis (table 9.4).
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Fercentage of patients free of death or
hospitalzation for major cardiovascular event
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Figure 9.3. Kaplan-Meier estimates of the time to the primary end-point for RVEF (top

panel) and TAPSE (bottom panel).
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Table 9.3. Response to cardiac resynchronization therapy (improvement of LVEF>5% at one

year).
Response Response No Response OR 95% Cl P value
(n=27) (n=29)
Age 64.0+12.2 65.8+12.2 0.99 0.95-1.03 0.58
Male gender 18 (67%) 25 (86%) 0.32 0.09-1.20 0.09
CAD 7 (26%) 19 (66%) 0.18 0.06-0.58 0.004
Atrial fibrillation 4 (15%) 7 (24%) 0.55 0.14-2.13 0.38
Heart rate (bpm) 76 £ 15 76+ 16 1.00 0.97-1.04 0.89
SBP (mmHg) 120 + 20 119 + 19 1.00 0.98-1.03 0.76
QRS width (ms) 161+21 150 + 22 1.02 1.00-1.05 0.07
Left ventricle
EDV index (mL/m?) 156 + 46 17771 0.99 0.98-1.00 0.19
ESV index (mL/m?) 111 +40 133 £ 63 0.99 0.98-1.00 0.13
EF (%) 30.5+£8.5 26.5+7.2 1.07 0.99-1.16 0.07
Mass index (g/m?) 108 + 26 118 + 34 0.99 0.97-1.01 0.23
Mitral regurgitation 1.1+0.6 1.3+£0.8 0.58 0.27-1.27 0.17
LGE 13 (48%) 24 (83%) 0.19 0.06-0.66 0.009
LGE (%) 0(0-7) 13 (3-22) 0.91 0.85-0.97 0.005
Myocardial infarction 6 (22%) 18 (62%) 0.18 0.05-0.57 0.004
Right ventricle
EDV index (mL/m?) 77 (67-104) 83 (61-139) 0.99 0.98-1.01 0.28
ESV index (mL/m?) 36 (23-54) 40 (31-96) 0.99 0.98-1.00 0.10
EF (%) 56 (45-63) 44 (28-61) 1.04 1.01-1.08 0.03
TAPSE (mm) 15.3+5.8 11.8+4.2 1.15 1.03-1.29 0.02
Wall thickness (mm) 3.3+0.7 40+1.0 0.42 0.21-0.84 0.02
PAP (mmHg) 36.9+8.5 40.519.0 0.95 0.89-1.02 0.16

Values are n (%), mean + SD, or median (25" — 75" percentile). OR- odds ratio; CI- confidence

interval. Other abbreviations as in tables 1 and 2.
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Table 9.4. Multivariate analysis: Response to cardiac resynchronization therapy

(improvement of LVEF>5% at one year).

Response Response No Response OR 95% Cl P value
(n=27) (n=29)

LGE (%) 0(0-7) 13 (3-22) 0.90 0.83-0.96 0.004

RVEF (%) 56 (45-63) 44 (28-61) 1.05 1.01-1.09 0.01

Response to CRT was noted to be lower as RV function deteriorated (figure 9.4). Poor RV
function, defined as a RVEF <30% or a TAPSE <10mm, was associated with a particularly low

response to CRT (response rates of 18.2% and 26.7%, respectively).

W Primaryevent W Responseto CRT mPrimary event B Responseto CRT

0% 0%
63.6% 63.3% 60.0%
0%

BO% 605

50% 50%
a0% an
0% 0%
0% 209

10% 1%

¥ 0%

<30 30-50% =E0% <10mm 13-15mm =15mm

RVEF TAPSE
Figure 9.4. Frequency of primary events (red bars) and response to CRT (blue bars) for

different ranges of RVEF and TAPSE.

9.5. DISCUSSION

This study shows that RV dysfunction is associated with non-response and adverse outcomes
in patients on CRT. Despite meeting the standard criteria for CRT implantation, there was a

heterogeneous distribution of RV function in our study population. Since LVEF was narrowly
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distributed by accepted indications for CRT, the wide RVEF distribution observed may indeed
explain why RV function was an independent discriminator in this population with advanced
HF. A lower RVEF was associated with a lower LVEF, more significant mitral regurgitation, and
a higher PAP. This suggests that the RV dysfunction may derive from two fundamental
mechanisms, the importance of which may vary from patient to patient: 1) an impairment of
global biventricular intrinsic contractility; 2) pulmonary hypertension secondary to elevated LV

filling pressures and mitral regurgitation.

Adverse RV function may reflect more extensive and severe cardiac disease, to which
improving myocardial synchrony has little impact. Of note, the response rate of the subgroup
of patients with RVEF < 0.3 was less than 20%. Thus, patients with poor RV function were
unlikely to benefit from CRT. This may have implications in stratifying patients for device

therapy.

9.5.1. Previous work

Few studies have investigated RV function and dyssynchrony. Previous work has shown that
anything up to 20-40% of RV systolic pressure and volume load may originate from
contraction from the LV [Santamore 1998]. Conversely, left bundle branch block (LBBB) may
interfere with ventricular activation and induce mechanical dyssynchrony. Hence LBBB not

only affects LV function but may impair RV function as well.

RV functional indices have been previously evaluated in CRT populations. Initial work by Field
et al assessed RV function on adverse outcomes in a population of 77 patients undergoing
CRT. This study showed that RV dysfunction measured by the Doppler-derived Tei index was a
predictor of the composite end-point of death, transplantation and the implantation of left

ventricular assist devices [Field 2006]. More recent work focused on RV function and response
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to CRT. In a study of 44 patients undergoing CRT, echocardiographic indices of RV function
(TAPSE and RV fractional area change) were significantly worse in non-responders versus
responders to CRT [Scuteri 2009]. The value of TAPSE in predicting reverse remodelling was
further validated in the CARE-HF population [Ghio 2009]. A further radionuclide imaging study
in 44 patients undergoing CRT showed that those with a low baseline RVEF were less likely to
improve in NYHA class, and tended to improve less in functional capacity and LVEF [Burri

2010].

The results of our study are in line with the above publications. However, we used CMR as the
gold-standard technique for assessment of the RV, and RVEF as the reference marker of RV
performance. Along with myocardial infarction, RVEF was an independent predictor of
response to CRT. Among an array of established prognostic markers in HF, RVEF and TAPSE
emerged as the strongest predictors of events. Our findings correlated response with
outcomes over a clinically relevant timeframe, thus supporting the potential of RV function as

a predictor of short-term response as well as longer-term outcome following CRT.

9.5.2. Tricuspid annular plane systolic excursion

Although available to all imaging modalities, and despite its validated prognostic value
amongst cardiac and pulmonary conditions, RVEF estimation can be challenging as the right
ventricle is a complex structure which cannot be modelled with simple geometric
assumptions. Therefore, there is some interest in finding simpler ways for assessing RV
performance. Of these, tricuspid annular plane systolic excursion (TAPSE) is the most
described alternative to RVEF in the literature [Kaul 1984]. This marker of RV longitudinal
function is reproducible and easy to obtain, and has shown to be a predictor of adverse

outcomes in heart failure, irrespective of NYHA status and LV function [Ghio 2000, Pinedo
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2010]. In this study, TAPSE not only identified which patients would respond to CRT, but also
the patients more likely to have major adverse events. Thus, TAPSE may be used by CMR as an

alternative to RVEF for assessing RV function pre CRT when the latter cannot be estimated.

9.5.3. Pulmonary hypertension

Increased pulmonary artery pressures have shown to be associated with non-response to CRT
[Scuteri 2009]. As ejection fraction is influenced by the afterload, it is expected for increasing
pulmonary pressures to be associated with decreasing RVEF. A significant negative correlation
was indeed observed between PAP and RVEF in our study. However, this correlation was
modest and not as strong as other parameters such as LVEF, suggesting that factors other
than pulmonary hypertension play a role in RV function. There was a trend for non-response
to CRT and adverse outcomes in patients with increased pulmonary pressures, but statistical
significance was not reached, probably explained by the smaller study population compared
to other studies [Tedrow 2006]. On the other hand, markers of RV function were significantly
associated with response and adverse events. This suggests that RV function is more
important than pulmonary pressure alone for both mechanical response and long-term

prognosis in patients on CRT.

9.5.4. Myocardial fibrosis

Late gadolinium enhancement CMR detects myocardial infarction accurately, with superior
histological correlation compared to nuclear techniques [Wagner 2003]. This has become an
active area of research in the CRT setting, with several subsequent studies documenting the
value of scar burden, location and transmurality of myocardial infarctions as a predictor of

response to CRT [Bleeker 2006c, White 2006, Ypenburg 2007, Chalil 2007a, Marsan 2009].
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Consistent with this work, our study showed myocardial infarction and scar burden (as
determined by percentage of LGE mass) to portend an adverse response to CRT. Although the
amount of septal and lateral scar was associated with non-response to therapy (OR 0.99, 95%
Cl 0.98-1.00, p=0.02; and OR 0.98, 95% Cl 0.97-1.00, p=0.02, respectively), scar location did

not remain significant after including the total amount of scar in a multivariate model.

The lack of response observed with the above parameters did not translate into poorer
outcomes. It is possible that this study was underpowered to detect more adverse events, as
larger studies have shown ischaemic heart disease and location of myocardial infarction to

portend a worse prognosis in CRT [Woo 2005, Zhang 2009, Leyva 2011a].

9.5.5. Atrial fibrillation

Atrial fibrillation was the other predictor of outcomes besides RV dysfunction. This mirrors
findings of long term studies of patients on CRT [van Bommel 2010]. It is recognised that AF
with a high ventricular rate may impair the delivery of biventricular pacing, and consequently
undermine the clinical benefit of CRT [Koplan 2009]. Despite the paucity of data from
randomized control trials in AF populations, recent guidelines support the use of CRT in AF
patients, although restricted to a slightly wider QRS duration >130ms [Dickstein 2010]. A
recent European registry suggests that around 20% of patients undergoing CRT are actually in
permanent AF, which is in keeping with our findings [Dickstein 2009]. Of note, all but one AF
patient in this study had QRS > 130ms. Rate control was satisfactory in our AF cohort, the
ventricular delivery rate was high (median 97%, IQR 91-99%), and none of the patients
underwent AV nodal ablation. Unlike RV dysfunction, AF was not associated with a lower
response rate, suggesting that the impact of AF on adverse outcomes was not altered by

device implantation.
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9.5.6. Response

In addition to the hard clinical endpoints, we assessed the role of RV function on response to
CRT. Response is a contentious topic, with various proposed definitions but no consensus
amongst different criteria. The response rate varies widely, depending on the study
population and the response criteria used. In a recent paper comparing 15 response criteria
from the most cited papers, the response rate ranged from 32% to 91%. The same study
showed that the agreement between different criteria was poor in 75% of the time, especially
between clinical and echocardiographic criteria [Fornwalt 2010]. For our study, we used LVEF
to assess response because it is an objective parameter and is also one of the selection criteria
for CRT. In keeping with previous work, response for this study was an improvement in LVEF
>5% at 12 months [Bax 2003, Bleeker 2006b]. The response rate observed was relatively low
(48%), but still in accordance with the available literature [Fornwalt 2010]. Using this criterion,
RV dysfunction predicted a failure of response to CRT in terms of LV remodelling, thus
supporting previous echocardiographic and radionuclide studies [Scuteri 2009, Ghio 2009,
Burri 2010]. It is possible that significant RV dysfunction marks extensive and irreversible
adverse remodelling, preventing reverse remodelling and functional recovery after CRT
implantation. Improvement in LVEF >5% was significantly associated with event-free survival
in this cohort of patients (likelihood ratio 4.7, p=0.01). Mechanical remodelling thus appears
to be a good surrogate marker of response to therapy, in line with a recently published
analysis of the MADIT-CRT trial, where it was demonstrated that echocardiographic
improvement in LV volumes and ejection fraction was associated with improved outcomes

[Solomon 2010].
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9.5.7. Limitations

This was a retrospective study with a relatively small number of patients and events limiting
multivariate analysis on outcomes. Nonetheless, both RVEF and TAPSE emerged as the most
significant prognostic markers, suggesting that RV function as assessed by CMR has a powerful

role in advanced HF undergoing CRT.

This was a single centre study in a tertiary referral hospital, but it allowed for consistent CMR
scanning protocols, and consistent patient selection for CRT and close follow-up of all

patients. To ensure a representative cohort, consecutive patients were identified.

The CRT devices implanted during this time period were non-MRI compatible and hence
necessitated an alternative imaging modality for consequent follow-up. The development of
CMR-compatible CRT devices could overcome this current limitation and may provide new

insights on the response of both left and right ventricle to CRT.

9.6. CONCLUSION

Right ventricular function appears an important predictor of response and major adverse
events following CRT implantation. As current selection criteria only include patients with
poor LV function, it is reasonable to assume that RV function will act as an important
discriminative prognostic marker in patients undergoing CRT. Furthermore, poor RV function
appears to identify a subgroup of patients with extensive ventricular remodelling unlikely to
change their natural history. Therefore, CRT may be of no benefit in this subgroup of patients.
The presence and amount of myocardial fibrosis, by contrast, was a predictor of response but

did not predict outcomes.



Chapter 9 Page 187 RV and CRT

The results of this study suggest that assessment of RV function can provide valuable
information pre CRT implantation. Further work in larger cohorts is required to ascertain the
precise role of RV evaluation in the selection of patients for CRT as well as the mechanisms for

this dysfunction.
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CHAPTER 10: DISCUSSION

Cardiovascular imaging has opened a window of opportunity for cardiac research by enabling
direct visualization of the moving heart inside the human body. CMR took longer to establish
compared to other imaging modalities, but today is regarded by many as the best imaging tool
for the heart. Several features of CMR are especially suited for the study of the RV. The ability
for multiplanar imaging permits proper 3D assessment of complex structures like the RV.
Excellent image quality allows for perfect delineation of the trabeculations and visualization of
the thin RV free wall. Lack of radiation is important from an ethical point of view, enabling
follow-up and serial evaluation over time. Finally, the intrinsic faculty to characterize the
myocardium without the need for invasive biopsies helps to understand the ultrastructure

and nature of the heart disease.

The first CMR study addressing the RV was published in 1985. In this study, it was
demonstrated that volume measurements of the LV and RV were both feasible and accurate,
as the right to left ventricular stroke volume ratio was very close to the theoretical value of 1
[Longmore 1985]. Since then, RV volumetric analysis has been validated in several scenarios,
and is currently used to decide surgical intervention in congenital heart disease and to
monitor the response to treatment in pulmonary hypertension [van Wolferen 2006, Oosterhof
2007]. The use of CMR for the RV has expanded from the mere calculation of size and function
to combine evaluation of blood vessels and flows, but most importantly, to assess the
structure of the myocardium which has hitherto been exclusive to endomyocardial biopsy.
Tissue analysis was first shown to help with the diagnosis of ARVC [Molinari 1995], and later
on with the diagnosis of RV myocardial infarction [Kumar 2006], where it has shown to predict

persistent RV dysfunction and adverse events [Larose 2007]. The study of myocardial fibrosis
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was also extended to the field of congenital heart disease, where myocardial fibrosis was
found to be associated with symptoms, neuro-hormonal activation, and risk of malignant

arrhythmias [Babu-Narayan 2005, Babu-Narayan 2006].

In keeping with the pioneering CMR work, the aim of this thesis was to expand the available
knowledge of the RV onto other forms of heart disease. The present work has been published
in the form of five papers in different conditions and in different settings. The core of the
discussion is in each individual paper. This chapter merely intends to complement the
discussion of the individual papers, and will be divided by the pathologies studied in the
published works. The discussion herein will comprise a general overview about each disease,
the aims behind each project, how the results contributed to the current knowledge, and
which potential directions should be sought in the future. A summary of the original

contribution to research is presented at the end of this chapter.

10.1. MARFAN SYNDROME

10.1.1. Overview

Marfan syndrome is the commonest inherited connective tissue disease, with an estimated
incidence of 1/5.000 individuals [Dietz 1995, Judge 2005, Pearson 2008]. The condition was
first described by French paediatrician Antoine Marfan in a girl with striking skeletal
abnormalities [Marfan 1896]. Since then different ocular, cardiovascular, pulmonary,
cutaneous, and neurological abnormalities have been added to delineate what is now called

Marfan syndrome [Cafiadas 2010a].

Nearly all cases of Marfan syndrome are caused by mutations in the fibrillin-1 gene on
chromosome 15 [Dietz 1991]. Over 1.000 mutations have been described to date, but so far

no robust genotype-phenotype correlation has been identified [Faivre 2007, Keane 2008].
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Mutations in FBN1
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Figure 10.1. Pathogenic model for aortic dilatation. Reproduced with permsission from

Cafiadas 2010b.

These mutations cause reduced or defective production of the extracellular matrix protein
fibrillin-1, a key constituent of microfibrils and an important component of the elastic fibres.
Marfan syndrome was originally thought to be the result of structural weakness of connective
tissues rich in elastic fibres. While this intuitive model would support certain features like
aortic dilatation, lens luxation, and joint hyperlaxity, it would not explain other typical
features such as long bone overgrowth or myxomatous degeneration of the mitral valve. Over
the last decade, studies in animal models suggested an additional regulatory role for fibrillin-1
as a modulator of transforming growth factor (TGF)-B. The lack of fibrillin-1 therefore results
in over-expression of the TGF- signalling pathways, which has been reported to mediate the
main histological abnormalities of the disease (figure 10.1) [Neptune 2003, Ng 2004]. The

various manifestations of Marfan syndrome are today considered to be the result of abnormal
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homeostasis of the extracellular matrix, in which reduced or defective forms of fibrillin-1 lead
to alterations of the mechanical properties of tissues, increased TGF-B activity, and loss of cell-

matrix interactions [El-Hamamsy 2009, Cafiadas 2010a].

Table 10.1. Diagnostic criteria for Marfan syndrome [De Paepe 1996]. Major criteria in two

systems plus a minor criterion in a third system are required for diagnosis.

Major criteria Minor criteria
Family history Diagnosis in first degree relative  None
Genetic Mutation FBN1 None
Cardiovascular Aortic root dilatation Mitral valve prolapse
Ascending aorta dissection Pulmonary artery dilatation

Descending aorta dissection

Ocular Ectopia lentis 2 of the following:
Flat cornea

Elongated globe

Skeletal 4 of the following: 2-3 major signs, or

1 major and 2 minor signs:

Pectus carinatum Moderate pectus excavatum
Severe pectus excavatum High arched palate

Pes planus Typical facies

Positive wrist or thumb sign Joint hypermobility

Severe scoliosis
Armspan-height ratio>1.05

Protusio acetabulae

Pulmonary Spontaneous pneumothorax
Apical bulla
Skin Striae

Recurrent or incisional hernia

Nervous system Lumbosacral dural ectasia
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Despite the advances in the pathogenesis of Marfan syndrome, the diagnosis remains difficult
due to the marked phenotypical heterogeneity of the disease. As a result, successive
diagnostic criteria have been proposed [Beighton 1988, De Paepe 1996, Loeys 2010], where
individual criteria clustered in systems have different weightings according to their relative
specificity (table 10.1). Although most manifestations can be disabling, mortality is usually
associated with the cardiovascular system. The natural history without medical care is dismal,
with 90% patients dying in their third and fourth decades of life due to aortic dissection and
related complications [Murdoch 1972]. Aortic root surgery was the important milestone in the
management of this condition [Bentall 1968]. Surgical techniques have evolved enormously to
accommodate more physiological [Yacoub 1983] and refined procedures [David 1992], which
are now employed on a prophylactic basis for patients with high risk of aortic dissection or
rupture. Adjunctive pharmacological therapy with beta-blockers appears to slow the
progression of aortic dilatation, but so far without clear benefit in preventing aortic dissection
or death [Cafadas 2010b]. Angiotensin receptor blockers mitigate the detrimental effects of
the TGF-B pathways in animal models [Habashi 2006], and may suppress aortic dilatation as
suggested by a small human trial [Brooke 2008]. With early diagnosis, appropriate surveillance
and surgical treatment, life expectancy has dramatically increased by 30 years over the past
few decades [Silverman 1995b, Pyeritz 2009]. As patients live longer, new features of the
disease are emerging. Recent reports suggest that mortality is shifting from aortic disease to
ventricular arrhythmias and heart failure [Yeatman 2003, Chan 2008]. Cardiac disease is hence

becoming a growing concern in Marfan syndrome.
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10.1.2. Present work

The study of cardiovascular manifestations in Marfan syndrome was the stepping stone for
the first work of this thesis. CMR is the ideal imaging modality for this purpose because the
heart and the great vessels can be reliably assessed at the same time. Initial results showed
that aortic root dilatation was the principal manifestation of the disease, in keeping with the
available literature [Détaint 2010a]. More distal segments of the thoracic aorta and aortic arch
branches were also affected, particularly in the more severe forms of the disease, a finding
already known but only documented recently [Yetman 2011]. The heart was frequently
involved as aortic regurgitation due to aortic dilatation and mitral regurgitation due to mitral
valve prolapse were common findings (around 50% and 20% of patients, respectively).
Remarkably, over 40% of patients had increased LV volumes indicating a dilated LV, and up to
30% of patients were found to have reduced LVEF suggesting LV dysfunction [Alpendurada

2008b]. These results prompted a more detailed analysis of the heart.

Revision of the available literature showed conflicting results regarding the presence of a
Marfan related cardiomyopathy [Kiotsekoglou 2009b]. Most studies were based on
echocardiography and negative for the existence of a cardiomyopathy. CMR is the best
technique to diagnose cardiomyopathies, but the two available two studies were small (with
22 and 26 patients, respectively) and showed different results [Savolainen 1994, De Backer
2006]. With 68 patients enrolled, this study was the largest at the time. The main result of the
study was that one-quarter of patients had reduced LVEF suggesting LV dysfunction, thus
providing the strongest evidence for an underlying cardiomyopathy. A proportion of these
patients had reduced RVEF, a novel finding in Marfan syndrome, and a robust indicator for RV

dysfunction and biventricular involvement.

When volumetric analysis is the main focus of any study, it is very important to control for any

potential confounding factors altering the normal loading conditions. Although significant
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aortic and mitral valve regurgitation should be excluded as a cause of increased LV pre-load, it
is common to include mild degrees of valvular regurgitation in Marfan related research
[Kiotsekoglou 2009b]. In line with previous publications, mild forms of valvular regurgitation
were included in our study. Since mild aortic and mitral regurgitation are ubiquitous in Marfan
syndrome, exclusion of such patients would have lead to a significant reduction in the sample
size and resultant loss of statistical power. Statistical analysis showed that patients with mild
regurgitation had slightly higher LV volumes than those without regurgitation, but this did not
translate into a significant change in LVEF. Although LVEF was not significantly affected by
changing pre-load conditions, mild forms of valvular regurgitation should ideally be excluded

from a research setting.

Contrary to the LV, RV measurements were unlikely to be influenced by the loading
conditions. As there were no cases of significant right-sided valvular regurgitation, any
potential confounding factor affecting pre-load was eliminated. Abnormal after-load in the
form of pulmonary hypertension appears uncommon in Marfan syndrome [Kiotsekoglou
2011], but a post-hoc analysis on pulmonary artery pressures (PAPs) was nonetheless
performed for the thesis. Of the 54 patients with echocardiographic information, only 43 had
available data on PAPs, while in the other 11 patients, PAPs could not be measured by
echocardiography because the tricuspid regurgitant jet was too small to determine the
pressure gradient between the RV and the RA. The mean PAP of the 43 patients was within
the normal range (24.6 + 4.8mmHg), and none of the patients had echocardiographic
evidence of pulmonary hypertension [Galie 2009]. Importantly, there was no relationship
between PAP and RVEF (Spearman’s rank correlation coefficient = -0.22, p=0.15). Although
these data have not been published in the original paper, it demonstrates that pulmonary
hypertension is uncommon in Marfan syndrome and that pulmonary artery pressures did not

have any significant effect on RVEF. Therefore RVEF can be used as a reliable marker of RV



Chapter 10 Page 195 Discussion

function in this cohort because both preload and afterload were not significantly affected. RV
measurements may actually have been more reliable than LV measurements because
tricuspid valve prolapse was seldom present. Defining valve planes was probably more robust
for the tricuspid valve than for the mitral valve, as mitral valve prolapse was a common

finding, and a potential challenge when delineating the mitral valve plane.

The presence of RV dysfunction, albeit less common than LV dysfunction, supports the
existence of a Marfan cardiomyopathy. Our results were confirmed by a recent study in a
large prospective cohort of 144 patients using similar inclusion criteria [De Witte 2011].
Nevertheless, our study analysis was slightly different from the other two positive CMR
studies [de Backer 2006, de Witte 2011]. We compared each individual patient with reference
ranges in a normal population rather than comparing the entire Marfan cohort as a whole
with normal controls also as a whole. Our approach was possible because of the large healthy
population available as a control group [Maceira 2006a, Maceira 2006b]. This approach is
supported by the bimodal distribution of LVEF, with a large peak in the normal range, and a
smaller peak just below the lower limit of normal distribution (figure 6.2). The message of this
study is likely more appropriate. Rather than suggesting that Marfan syndrome is associated
with worse function than controls, it is more correct to conclude that a subgroup of patients
with Marfan syndrome are affected by a primary cardiomyopathy, and such patients should

be monitored more closely and treated accordingly.

10.1.3. Future work

With mounting evidence for a primary Marfan cardiomyopathy, future research should
integrate the imaging findings with other areas like physiology, biochemistry, histology and

genetics. Potential investigations should assess the relationship between ventricular
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dysfunction and functional capacity as evaluated by either a simple treadmill exercise test or a
more complex cardiopulmonary exercise test. It would also be of interest to see if ventricular
dysfunction is associated with neuro-hormonal activation. B-type natriuretic peptide (BNP)
could be one of these biochemical markers because it indicates heart failure and hence useful
for the diagnostic evaluation of heart disease. Nevertheless, the strongest evidence for a
cardiomyopathy would come from histology. A Marfan related cardiomyopathy is biologically
plausible since fibrillin-1 has been documented in the myocardium [Vracko 1990]. However, a
causative role between reduced expression of fibrillin-1, histological integrity and ventricular
impairment is yet to be demonstrated. Histological validation could be possible if myocardial
biopsies could be attained at the time of prophylactic aortic root surgery. Furthermore,
histological findings could be compared with gadolinium imaging techniques for non-invasive
validation. Genetic studies may also be of interest to identify the underlying causes and
association with cardiomyopathy, and whether specific loci are more prone to the existence of

a cardiomyopathy or to more severe forms of cardiomyopathy.

In addition to the observational studies, longitudinal studies are needed to assess the natural
history and prognostic value of a Marfan related cardiomyopathy. Since LV function correlates
with RV function in this condition, it would be of interest if the combined analysis of both
ventricles would carry additional or incremental information. Pharmacological therapy with
beta-blockers and angiotensin receptor blockers could be studied to assess the effects on
ventricular remodelling, but performing case-control studies may be unethical because these
agents have become standard of care for prevention of aortic remodelling. Several ongoing
randomized controlled trials are evaluating the efficacy of medical therapy in Marfan
syndrome, and may be helpful to answer some of these pending questions [Lacro 2007,

Gambarin 2009, Détaint 2010b, Radonic 2010].
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10.2. THALASSAEMIA MAJOR

10.2.1. Overview

The thalassaemias are a family of inherited haemoglobin disorders characterised by reduced
synthesis of the globin chains of haemoglobin [Weatherall 1997]. They are thought to be the
commonest single gene disorder in humans, affecting close to 100 million people worldwide
[Weatherall 1996]. The term is coined from “thallasos” and “emia”, the Greek words for “sea”
and “blood”, relative to their original association with the coastal areas of the Mediterranean.
However, its endemic distribution stretches far beyond the Mediterranean basin in a broad
belt across Africa, the Middle East, and the Indian subcontinent to South-East Asia (figure
10.2). The thalassaemias (like all haemoglobin disorders) are common in regions with a high
prevalence of malaria, a mosquito-borne parasitical infectious disease of the red blood cells.
There is now evidence that thalassaemia is the result of natural selection and positive gene
mutations in areas where malaria is (or was) endemic [Weatherall 1987, Allen 1997]. Minor
forms of thalassaemia confer protection to malaria and a survival advantage over those
without a defective gene. However, the few who acquire the major forms of thalassaemia will
present with severe anaemia and early death. Due to population migration, thalassaemia and
other inherited haemoglobin disorders have now become a global disease. In the UK, where
malaria has never been a health care issue, there are about one thousand people with

thalassaemia major [Modell 2000, Modell 2008].

Oxygen is transported in the red blood cells by haemoglobin, a complex protein made of four
haem rings attached to four globin chains. The adult haemoglobin form is a tetramer
consisting of two alpha-globin and two beta-globin chains. Normal haemoglobin synthesis
relies on the balanced production of alpha and beta globin chains, but in thalassaemia, the

production of one type of globin chain is reduced or absent. Thalassaemias are classified
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according to which globin chain is affected: alpha-thalassaemia refers to reduced production
of alpha globin chains, whereas beta thalassaemia refers to the reduced production of beta
globin chains. Over 200 mutations have been described in the beta-like globin domain in

chromosome 11, either related to gene control or expression [Olivieri 1999, Rund 2005].
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Figure 10.2. Worldwide distribution of thalassaemia. Reproduced with permission from

Weatherall 2001.

In beta-thalassaemia, there is an imbalance between alpha and beta chains of haemoglobin in
the red blood cells. Excess alpha chains precipitate in the red blood cells, leading to
deformation in mild cases, and intravascular haemolysis or destruction in the bone marrow

and spleen in severe cases. Anaemia is therefore the result of the excess of alpha chains which
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cause destruction of red cells and their precursors [Nathan 1996, Olivieri 1999]. The clinical
spectrum of beta-thalassaemia is variable, ranging from asymptomatic patients with no
obvious anaemia to patients with life-threatening anaemias. In beta thalassaemia major,
haemoglobin production is so impaired that normal growth and survival can be only achieved
with regular blood transfusions. Because it is far more prevalent than alpha-thalassaemia
major, beta-thalassaemia major is sometimes simply called thalassaemia major (TM) in the

medical community.

TM only becomes evident at around 6-12 months of age, when the production of foetal
haemoglobin shifts to the adult haemoglobin form. Manifestations include pallor, poor
feeding, failure to thrive and frequent infections. The profound anaemia causes compensatory
bone marrow expansion and extramedullary haematopoiesis with ineffective erythropoiesis,
leading to splenomegaly and skeletal deformities. If left untreated, as it happens in most of
the undeveloped countries, the prognosis is dire, with patients dying within the first 2 years of
life [Zurlo 1989]. In developed countries, regular blood cell transfusions are standard care in
TM, allowing normal development and augmenting life expectancy [Piomelli 1969, Pootrakul
1981]. However, regularly transfused patients developed heart failure and died during
adolescence, not because of anaemia, but rather due to dilated cardiomyopathy secondary to
iron overload [Engle 1964, Engle 1969, Kremastinos 1995]. The origin for the iron overload
was hastily related to the iron contained in the red blood cells packs, as an unfortunate
example on how an effective treatment for a disease is responsible for another disease.
Patients undergoing regular transfusion programmes receive around 30 times the normal
intake of iron, not only due to transfusions but also to increased gastrointestinal absorption
secondary to anaemia [Gordeuk 1987]. Since humans are unable to excrete iron, this
ultimately leads to iron accumulation and damage to the heart, liver, and endocrine organs

(figure 10.3) [Britton 2002].
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Figure 10.3. Mechanisms of cellular toxicity due to iron overload.

Pharmacological iron chelation therapy naturally became the cornerstone for the treatment of
transfusion dependent TM. Deferoxamine, the first available chelator, was introduced in the
1960s, and since then has shown to prevent iron related complications [Hoffbrand 1979,
Marcus 1984] and increase survival [Modell 1982, Zurlo 1989, Olivieri 1994, Brittenham 1994].
However, deferoxamine based therapies are hampered by the poor oral absorption and short
half life [Callender 1980]. The chelator can only be delivered via parenteral routes, and the
cumbersome treatment regimes (around 8-12 hours/day, 5-7 days/week) are responsible for
the poor compliance to treatment [Olivieri 1997]. Two newer iron chelators were later
introduced in the market. Both can be administered orally, resulting in an increase in patient
compliance. Deferiprone was introduced in 1995, and is administered 3 times a day.
Deferiprone appears to be the most effective chelator in removing iron from the heart,
reducing cardiac complications [Anderson 2002, Piga 2003]. Deferasirox was introduced in

2005, and can be administered once daily. Deferasirox appears effective in removing iron from
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the liver and heart [Porter 2010, Pennell 2012], but the long-term experience on outcomes is
still limited. Nonetheless, the addition of two iron chelators has substantially increased the
management options for TM, especially for those who are intolerant or irresponsive to

medication [Berdoukas 2008].

Iron chelation therapy is initiated and titrated according to the amount of iron in the body.
Traditionally, the available methods for assessing global iron burden have relied on serial
measurements of serum ferritin or liver iron concentration from biopsy, neither of which is
representative of the level of iron in the heart [Anderson 2001]. As such, iron cardiomyopathy
may develop in patients with apparently good control of their global iron stores [Wood 2009].
Endomyocardial biopsy can directly assess the cardiac iron levels, but this invasive technique
is limited to specialized centres, and rarely performed because the size of the specimens is
usually too small for reliable quantification [Fitchett 1980, Olson 1987, Wang 2010].
Echocardiography is frequently used to monitor LV function, but measurements are
inconsistent and unreliable due to the presence of a high output state. LV dysfunction usually
only unravels at the latter stages of the disease, where there is already substantial iron

loading and the outlook is poor [Felker 2000, Kremastinos 2001].

Heart failure due to iron overload cardiomyopathy continues to be the leading cause of death
in TM patients [Borgna-Pignatti 1998, Li 2002, Borgna-Pignatti 2004]. The key for prevention
and successful management of cardiac complications lies with the early detection of iron-
overload cardiomyopathy and effective iron chelation therapy. In this respect, CMR has
emerged as the technique of choice for evaluating myocardial iron in patients with
transfusion-dependent anaemias. Iron quantification relies on the T2* (T2 star) technique,
where signal decay over different echo times is used to generate a T2* curve, which is
inversely related to the tissue iron concentration [Anderson 2001, Wood 2005]. T2*

accurately estimates myocardial iron concentration [Carpenter 2011], and identifies the



Chapter 10 Page 202 Discussion

patients at risk for heart failure that would otherwise had been undetected by conventional
techniques [Kirk 2009]. The technique is reliable and robust [Westwood 2003a], enabling
serial follow-up and monitoring treatment over time [Anderson 2002, Tanner 2007]. Since the
introduction of T2* CMR in 1999, the number of cardiac deaths in the UK TM population has
decreased by over 70% in the space of just 5 years [Modell 2000, Modell 2008]. This dramatic
reduction in mortality was due to a combination of wider therapeutic options and
implementation of an effective T2* screening programme [Telfer 2009]. The development of
the T2* technique is a remarkable example on how translational science can be incorporated

into clinical practice and improve outcomes in a short period of time.

10.2.2. Present work

The key papers on T2* CMR have described the relationship between myocardial T2* and the
LV in TM. Conversely, little was known about the RV in iron overload cardiomyopathy, until
the publication of the 3 papers presented in this thesis. These projects were only possible
owing to the large database that has been built in CMR Unit since the development of the T2*
technique. The study conception and design was relatively straight-forward, following the
core structure of the previous key papers on T2* and LV measurements [Anderson 2001,

Westwood 2007, Tanner 2007, Tanner 2008].

The first study of the series refers to the relation of myocardial iron loading with RV function
(described in chapter 6). In 319 patients with TM, myocardial T2* was compared to RVEF as
estimated by CMR. It was found that in patients with normal myocardial T2*, the RV function
was essentially normal. On the other hand, in patients with abnormal T2*, there was a

progressive decline in RV function with increasing iron concentrations. Finally, the results of
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this observational study showed a strong linear relationship between RV and LV function

across the spectrum of myocardial T2*.

The next stage was to define normal reference values for RV volumes and EF in patients with
TM (described in chapter 7). The study population comprised 80 TM patients with no
myocardial iron overload (defined by a normal T2* >20ms), who were compared to 40 age-
and gender-matched controls. RV volumes and EF were higher than controls, whereas RV
mass was roughly the same. The new established reference ranges are important in the
interpretation of CMR results and in the management of TM. For instance, elevated RV
volumes that would apparently suggest an impending cardiomyopathy may well be within
physiological limits for the anaemic TM patient. On the other hand, RVEF values originally
thought to be towards the lower limit of normal may actually indicate developing RV
dysfunction in a TM patient. The new reference ranges thus permit earlier detection of
ventricular dysfunction and prompt intensification of chelation therapy that otherwise would

have been delayed if the general reference ranges were still in use.

The final of the three studies comprised data from patients who were enrolled in a trial
assessing the efficacy of the two different chelation strategies in TM: a conventional scheme
using deferoxamine only, and a more intensive scheme using a combination of deferoxamine
and deferiprone (described in chapter 8). It was demonstrated that combination therapy was
superior to improve RV function compared to conventional therapy, an effect probably
mediated by more efficient removal of cardiac iron, as indicated by a significant improvement
in myocardial T2*. Moreover, combination therapy appears particularly effective in patients
with more severe iron loading, even in the presence of ventricular dysfunction, provided the
patient that is compliant to the combination regime. Although the main purpose of the study
was to compare the efficacy of two different regimes, the results further support the use of

T2* CMR to monitor the response to chelation therapy.
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The combined results of the studies above demonstrate a close relationship between LV and
RV dynamics relative to the cardiac iron status. Both the LV and RV respond in the same way
to the high output states induced by anaemic conditions, and both the LV and RV behave in
the same way in iron overload cardiomyopathy, whether to different degrees of iron
deposition, or after removal of myocardial iron with different types of chelation regimes.
Hence iron overload cardiomyopathy affects the RV in addition to the LV, and usually to the
same extent. The biventricular involvement observed in this cardiomyopathy is similar to what
has been described in non-ischaemic cardiomyopathies, as opposed to the predominant LV
involvement seen in ischaemic cardiomyopathies. By evaluating myocardial T2* in conjunction
with the RV and the LV, the present work has completed a chapter on the interaction of

cardiac iron with ventricular dynamics.

10.2.3. Future work

Research of the RV in iron overload cardiomyopathy relies on the surrogate T2* measurement
of the interventricular septum rather than on direct T2* measurements of the RV. Evaluation
of the thin RV free wall by T2* is difficult due to the proximity to the chest wall and
susceptibility to artefacts. Therefore it is not currently possible to derive iron concentrations
in the RV using standard T2* methodology. When the current work on the RV in TM was
completed, an important paper was released on myocardial T2* and iron calibration and
distribution. In this study, T2* measurements were validated against 12 ex-vivo hearts of
patients with transfusion-dependent anaemias (mostly TM), and calibrated against iron
concentration by deriving the formula [Fe] = 45.0 x (T2*)™** [Carpenter 2011]. Moreover, iron
was found to be evenly distributed in the LV according to the conventional 16 segment model,

though a transmural gradient was found within each segment, with higher concentrations in
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the epicardium relative to the mesocardium and endocardium [Carpenter 2011]. The RV free
wall was also evaluated, and found to have about 20% lower iron concentration than the LV at
4.69mg/g dry weight. Even when excluding the RV side of the interventricular septum
(integrated in the epicardial layer of the LV for practical reasons), the iron concentration of
the RV was still ten-fold in excess of the normal reference range [Collins 1987]. These findings
do support direct iron cardiotoxicity as the likely pathogenic mechanism for RV dysfunction,

with ventricular interdependence playing an additional role.

Myocardial T2* has shown to identify individuals at risk of developing arrhythmias and heart
failure [Kirk 2009]. However, the incremental prognostic value of LV and RV function over
myocardial T2* is yet to be investigated. Further work is required to address whether the
combined assessment of ventricular function can refine the management of patients with iron

overload cardiomyopathy.

10.3. CARDIAC RESYNCHRONIZATION THERAPY

10.3.1. Overview

Heart failure is the final common stage of most types of heart disease. The available
epidemiological data present heart failure as a major healthcare problem. Its prevalence in
the industrialized countries has trebled over the past 3 decades to affect 2-3% of the
population [Cowie 1997, Redfield 2003, Dickstein 2008, Lloyd-Jones 2010], and is expected to
rise further in the future, due to the ageing population and longer lifespan of heart disease
[Levy 2002, Yach 2004, Braunschwig 2011]. Heart failure is the leading cause of hospital
admissions over 65 years of age [DeFrances 2008], and a major economic burden to the
healthcare systems [Dickstein 2010], consuming around 2% of the UK and US healthcare

budgets [Stewart 2002, Lloyd-Jones 2010]. Despite the advances in pharmacological
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treatment, prognosis is still poor, with 5 year mortality rates of around 50% [Levy 2002,
Bleumink 2004]. It has been reported that survival of patients with heart failure is actually

worse than most malignant cancers [Stewart 2001].

Implantable electronic devices have long been used for the treatment of heart disease. Since
the implantation of the first cardiac pacemaker in 1958, technology has developed
dramatically, with increasingly smaller devices, longer durability, improved programming
algorithms, and evolving applications. Implantable cardioverter defibrillators (ICDs) are special
type of pacemakers designed to treat ventricular arrhythmias by delivering high-energy
electrical shocks [John 2012]. These devices have shown to reduce mortality and are currently
used in patients with a high risk of sudden cardiac death [Moss 2002, Bardy 2005]. Cardiac
resynchronization therapy (CRT) is also derived from the traditional pacemaker systems
(figure 10.4) [Daubert 2012]. Whilst conventional pacemakers pace the right chambers, CRT
systems have an additional lead pacing the LV. The proof of concept of CRT (or biventricular
pacing) was originally demonstrated on a patient with end-stage failure and a wide QRS
complex of left bundle branch block (LBBB) morphology [Cazeau 1994]. LBBB indicates
prolonged electrical activation and often results in inefficient LV motion due to delayed
mechanical activation of the lateral wall relative to the septal wall (figure 10.5) [Grines 1989].
By stimulating the LV septal and lateral walls at the same time, cardiac synchrony can be
restored, resulting in improved LV haemodynamics, energy efficiency and cardiac output
[Auricchio 1999, Nelson 2000]. These devices are firmly established for the treatment of
refractory heart failure with electrical dyssynchrony (defined as QRS complex >120ms) and
severe LV dysfunction (defined as LVEF <35%), where they have shown to reverse ventricular
remodelling [Daubert 2009], improve symptom status [Cazeau 2001, Abraham 2002], and
reduce cardiovascular morbidity and mortality [Bristow 2004, Cleland 2005, Moss 2009, Tang

2010].
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Figure 10.4. Antero-posterior chest X-ray showing a CRT device with leads in the right atrium

(RA), right ventricle (RV), and left ventricle (LV) through the coronary sinus. L- Left.

End diastole Early systole Mid systole End systole

Figure 10.5. Mid-ventricular short-axis slice of a patient with LBBB at different phases of the

cardiac cycle. The R-wave is the time reference, and the end-diastolic endocardial border was
delineated for comparison. The septum contracts in early systole (arrows) and starts relaxing
in mid-systole; the lateral wall only starts contracting at mid-systole, reaching the maximum

amplitude at late systole (arrows).
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Despite the demonstrable benefits in large populations, it is well known that 30-50% of
apparently suitable individuals do not seem to respond to CRT [Nery 2012]. These non-
responders remain an important conundrum as they do not appear to benefit from a device
which is costly and not devoid of complications. In fact, non-responders have worse prognosis
and quality of life than those who respond to CRT [Auricchio 2011, Cleland 2011]. Such
observations have driven research to refine patient selection, in order to reduce non-response
and increase the effectiveness of this treatment. One of the key initial discoveries was that
electrical dyssynchrony (wide QRS) does not always correspond to mechanical dyssynchrony
(contraction delay) [Yu 2003, Kass 2008]. It was then speculated that mechanical
dyssynchrony could improve patient selection and minimize the number of non-responders to
CRT. A multitude of echocardiographic markers of mechanical dyssynchrony then surged,
showing promising results on single-centre experience [Pitzalis 2002, Bax 2004, Yu 2005].
However, when tested in randomized controlled or multicentre trials, no single
echocardiographic measure of dyssynchrony was found to improve patient selection beyond
current guidelines [Beshai 2007, Chung 2008]. These disappointing results were partly
attributed to the high variability of the measures of dyssynchrony [Marwick 2008].
Echocardiography has therefore lost momentum since the inconclusive results of the RethinQ

and PROSPECT trials [Daubert 2012].

CMR has also an interest in CRT [Leyva 2010]. A small single centre study suggested CMR to be
better than echocardiography at discriminating mechanical dyssynchrony [Foley 2009a].
Dyssynchrony indices by CMR appear to predict response to CRT [Bilchick 2008] and adverse
events [Chalil 2007b]. However, and despite the potential of CMR to evaluate mechanical
dyssynchrony, there are other areas where CMR appears more relevant. The first and
foremost CMR study on CRT was published by the Leiden group on the value of myocardial

viability in patient selection. They found that the presence and extent of infarction in the LV
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lateral wall was associated with lower response to CRT [Bleeker 2006c]. Further studies
confirmed that the amount and location of the scar was associated with lower response rates
and worse prognosis [White 2006, Ypenburg 2007, Chalil 2007a, Chalil 2007c]. The message of
these studies was clear. LV pacing leads should be avoided over scarred areas because they
are ineffective and even detrimental by inducing arrhythmias and adverse events [Nazarian
2005, Leyva 2011a]. Thus, the use of LGE CMR to guide LV lead deployment has become
standard practice in many centres. Other potential areas of research include visualization of
the coronary venous anatomy [Chiribiri 2008], which combined with mechanical dyssynchrony
and scar evaluation, can determine the optimal site for LV lead deployment [Helm 2007,

Rademakers 2010].

10.3.2. Present work

The study in the present thesis was the first joint collaborative work between the CMR Unit
and the Heart Failure Pacing Clinic, as part of a grant application for a single-centre
randomized controlled trial of CMR guided management versus conventional management.
Hence, this pilot study represented the framework to determine the feasibility of CMR

measurements and the most appropriate end-points for a future randomized controlled trial.

Several CMR parameters were evaluated in this study. The LV was measured for volumes, late
gadolinium enhancement, and dyssynchrony. Apart from septal to lateral delay, which was
marginally significant for response, none of the other markers of dyssynchrony was predictive
of any of the proposed end-points. This RV was also evaluated, given the limited evidence by
echocardiography and nuclear imaging, and lack of published data by CMR. Besides the
conventional RV volumetric variables, evaluation of dyssynchrony as well as longitudinal and

radial function was attempted. Whilst longitudinal function determined by tricuspid annular
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plane systolic excursion (TAPSE) was easy to acquire and simple to measure, radial function
and dyssynchrony was difficult to assess and later abandoned because the measurements

appeared unreliable due to the complex RV motion.

To determine benefit to CRT, a hard clinical end-point was chosen instead of a surrogate
marker of response, because there is still no consensus on how response should be defined
[Foley 2009b, Cleland 2010]. The end-point was a composite of death by any cause plus heart
failure hospitalization as defined by the landmark CARE-HF trial [Cleland 2005]. Nonetheless,
most of the authors felt that response criteria would add relevant information to the paper.
Thus, a functional and a remodelling criterion were initially included for the data collection.
Functional improvement was defined as an improvement in New York Heart Association
(NYHA) class, a semi-quantitative marker of functional limitation in heart failure that is in use
worldwide [Dolgin 1994]. However, improvement in NYHA class was discarded early in the
data collection period, not only because it was quite subjective [Raphael 2007], but also
because there was poor correlation with the more objective markers of LV remodelling. For
assessment of LV remodelling, an improvement in LVEF was chosen as the response criterion,
because it is a simple and established parameter, with the additional benefit of being part of

the inclusion criteria for CRT.

The main finding of the study was that RV dysfunction was a significant predictor of outcomes
in patients undergoing CRT. The results are especially relevant as RV dysfunction remained
statistically significant on multivariate analysis when compared to other established
prognostic markers in heart failure [Cowburn 1998]. This study confirms RV function as a
powerful prognosticator, in keeping with previous publications in heart failure [De Groote
1998, Ghio 2001, Meyer 2010]. For the first time a CRT study demonstrated a link between
lack of response and worse outcomes in patients presenting with RV dysfunction. One

possible explanation relies on the assumption that RV dysfunction identifies a group of
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patients who are too sick to recover. This concept was supported by the fact that patients
with RV dysfunction had a lower LVEF, more significant mitral regurgitation, and higher
pulmonary artery pressures. Because of the multiple influences affecting the RV due to LV
failure, RV dysfunction may constitute a final and irreversible stage in congestive heart failure,

where conventional therapy may not have the desired or expected benefit [Voelkel 2006].

Despite widely studied and used by echocardiography in clinical practice, there is only limited
information on TAPSE by CMR. The few available studies show good correlation of longitudinal
TAPSE with global RVEF, although this 1D parameter appears to be less reproducible than the
3D RVEF [Nijveld 2009, Caudron 2011]. This study was the first to document the prognostic
value of TAPSE as evaluated by CMR. Hence TAPSE may be used as a potential alternative to
RVEF for assessing RV function in heart failure, particularly whenever the latter cannot be

estimated, either due to technical problems or incomplete image acquisition.

10.3.3. Future work

Our findings are novel as RV function remained an independent prognosticator amid other
established markers in heart failure, and slightly provocative as the response rate for those
with poor RV function was so low (~20%) that CRT might be reconsidered. Because the work
was based on a single centre in a relatively small population, larger studies with a multicentre
design are required to address whether the RV and other parameters should be considered
for patient selection beyond the current consensus criteria. In this regard, CMR should be one
of the techniques involved, as part of a comprehensive evaluation of ventricular mechanics
and dyssynchrony, aetiology and stage of heart failure, amount of myocardial scar, and
optimal site for lead placement, all of which are presumed to determine response to CRT

[Marwick 2008].
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Despite the reasonable amount of publications on LGE and the LV, there is no available
literature on LGE and the RV. In our study, LGE in the RV indicating myocardial infarction was
associated with adverse events (HR 5.6, 95% Cl 1.8-17.9, p=0.004) and a non-significant trend
for lack of response (OR 0.24, p=0.22). These preliminary data were not published due to the
small number of patients with myocardial infarction (n=5). A larger cohort may provide more
definite evidence about the value, location and extent of RV LGE in CRT. RV mechanical
dyssynchrony is another potential area of interest, since CMR can evaluate RV motion in any
area and in any plane or direction. Limited studies suggest RV mechanical dyssynchrony to be
associated with RV dysfunction and clinical outcomes in pulmonary hypertension and
congenital heart disease [Janousek 2009]. However, it is unclear whether RV dyssynchrony is
the cause or the consequence of RV dysfunction [Mertens 2010]. Moreover, there is
controversy on the usefulness of CRT in patients with predominant RV dyssynchrony [Dubin

2005, Ogunyankin 2010]. Further studies are thus necessary to address these questions.

A major caveat of any research by CMR is that follow-up is not possible after CRT implantation
because the available devices are not CMR-compatible. However, development of CMR-
compatible CRT devices is currently underway, and expected to be in the market soon, as
recently seen with the new generation of CMR-compatible pacemakers and ICDs. Introduction
of CMR-compatible CRT devices in the near future will haste new opportunities for research.
Studies with CMR-compatible devices will assess the immediate effects of both LV and RV
mechanical dyssynchrony and performance, either comparing pre- versus post- implantation,
or with the devices switched on and off. Long-term effects of CRT on LV and especially RV
remodelling would be reliably assessed by CMR, where the superior accuracy and
reproducibility of CMR would ensure smaller sample sizes for meaningful results. CMR would
also be in a privileged position to assess whether patients with RV electrical and mechanical

dyssynchrony would benefit from CRT, one of the important contentious topics in the field.
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With the extension of CMR-compatible technology to CRT devices, it is likely that CMR will
play an important role in identifying suboptimal response as well as optimizing the efficacy of

the implanted devices [Leyva 2011b].

10.4. ORIGINAL CONTRIBUTION TO RESEARCH

The RV (chapter 2) was the focus of the thesis given its increasing recognition in the
circulatory system. CMR (chapter 3) has emerged as the technique of choice for the study the
RV, and the methodology used is arguably the reference standard (chapter 4). Marfan
syndrome, thalassaemia major and heart failure prior to CRT are all established indications for
CMR, and were chosen as the subjects of the thesis, since the role of the RV in these
conditions is relatively unknown. This section overviews the key steps involved in the research
from a personal perspective, and describes the clinical relevance of the novel findings

encountered in this thesis.

10.4.1. Marfan syndrome

The first investigation in this research (chapter 5) was undertaken after realising that LV
dilatation and dysfunction are prevalent in Marfan syndrome [Alpendurada 2008b]. From the
general Marfan database comprehending 150 patients and 383 studies, | selected the study
population and defined cardiomyopathy in addition to other cardiovascular parameters. This
was the first CMR study to evaluate RV function, and the first to demonstrate RV dilatation
and systolic dysfunction. Marfan cardiomyopathy was found to be frequently associated with
biventricular involvement. When present, the biventricular dysfunction was usually mild,

which explains why this condition is often overlooked by echocardiography. The
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cardiomyopathy was also found to be a separate entity and unrelated to the traditional
features of the disease. In summary, this work provides compelling evidence for a primary
cardiomyopathy, hence raising awareness and highlighting the importance of screening for

ventricular dysfunction in patients with Marfan syndrome.

10.4.2. Thalassaemia major

The study of the RV in TM was the next step of the research, as the large TM database in the
CMR Unit represented an excellent opportunity to look at the RV in different stages of TM.

The work was published in the form of 3 papers, which are briefly commented below.

For the observational study on T2* and RV function (chapter 6), | selected the patient
population, and eliminated potential confounders such as pulmonary hypertension or
associated cardiac conditions. The statistical analysis and data display were also developed by
myself. To our knowledge, this was the first study to comprehensively document the
relationship between myocardial iron loading and RV function. Progressive RV enlargement
and dysfunction occurred with increasing iron loading, a finding likely mediated by direct iron
citotoxicity, as no other factors were found to explain the observed effects on ventricular
function. There was a strong agreement between LV and RV function, confirming that iron-

overload cardiomyopathy typically presents with biventricular involvement.

For the work on RV reference ranges (chapter 7), | collected data on half of the TM patients,
and compared the defined variables with an age and gender matched control group. This
study showed that RV volumes in TM differ from healthy controls. Thus, the traditional
reference ranges for the normal population are inadequate and should be avoided in TM

patients. The novel reference ranges for TM can accurately identify RV dilatation or
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dysfunction, and infer which patients are most likely to benefit from intensive chelation

therapy and heart failure medication.

For the paper on iron chelation and RV function (chapter 8), | was responsible for the study
design, including the decision to evaluate the open-label cohort alongside the RCT cohort. As a
result, the joined cohort offered comprehensive information on RV response to chelation
across the entire spectrum of cardiac siderosis. Combination therapy with deferoxamine and
deferiprone was found to be most effective, and thus should be regarded as the first-line
treatment for patients with cardiac siderosis and ventricular dysfunction. RV dysfunction was
noted to be reversible in iron-overload cardiomyopathy, even when there was significant iron
loading, where combination therapy actually proved to be most beneficial. Echocardiography-
based measurements of pulmonary artery pressures were integrated, thereby excluding any
significant influence of pulmonary hypertension. The improvement in RV function paralleled
the improvement in LV function, in keeping with the evidence already collected by the

observational study.

10.4.3. Cardiac resynchronization therapy

The final work looked at the prognostic role of the RV in CRT (chapter 9). After revision of the
available literature, | selected the study population and the parameters to be assessed. In
keeping with the previous works in the thesis, | decided to explore the RV in detail, and
pursued novel methods of measuring RV size, function and synchrony. | defined the cut-offs
and chose the end-points including response to therapy. For the first time, RV function was
found to be a predictor of both response and outcomes in patients undergoing CRT. These
findings are especially relevant as RV function was independent of other well established

markers. The RV appears to influence the natural history and hence should be evaluated in
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patients under consideration for CRT. Nevertheless, further research is required to assess

whether the RV can actually change the management of patients under consideration for CRT.

There was some encouraging feedback during abstract presentations regarding the use of
TAPSE, as this became the first CMR study to document the prognostic value of RV
longitudinal function in cardiac disease. Because TAPSE is easier to measure than RVEF, this
work may reignite the interest on this surrogate marker of RV function, which has been in use

by the echocardiographic community for the last 25 years.
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CHAPTER 11. CONCLUSION

After decades of neglect, there has been a resurgence of interest in the RV. Most of the
renewed awareness derived from advances in cardiovascular imaging, enabling new research
opportunities for the evaluation of this complex structure. Among all imaging techniques,
CMR is the most adequate one to study the RV. By using CMR as the primary imaging
modality, the work in the thesis expanded the available knowledge on the RV in

cardiomyopathy and heart failure.

In Marfan syndrome, CMR measurements supported the presence of a primary
cardiomyopathy in a subgroup of patients with Marfan syndrome (described in chapter 5).
This cardiomyopathy is usually mild, asymptomatic, and independent of other cardiovascular
manifestations. This was the first study to demonstrate RV systolic dysfunction in Marfan
syndrome, a finding that strengthens the existence of a Marfan related cardiomyopathy with

biventricular involvement.

The core of the work was on thalassaemia major, where RV measurements were compared to
myocardial T2*. Several conclusions can be taken from these studies. Firstly, myocardial iron
deposition is associated with RV dysfunction, which mirrors the progressive deterioration in
LV function with worsening cardiac iron loading (described in chapter 6). Therefore, RV
dysfunction may play a role in heart failure associated with myocardial siderosis. Secondly, RV
parameters in TM patients without myocardial iron overload differ from healthy controls
(described in chapter 7). The new proposed reference ranges for RV size and function can
therefore be useful for the diagnosis and management of RV dilatation and dysfunction in TM.
Thirdly, combination therapy with deferoxamine and deferiprone is superior to standard

chelation with deferoxamine alone in improving RV function in iron-overload cardiomyopathy,
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and effective when there is severe iron loading (described in chapter 8). Improvement in RV
function was driven by the removal of iron from the heart and paralleled the improvement in
LV function. In summary, the RV shows a similar behaviour to what previously described for
the LV, with progressive dysfunction with increasing iron deposition, and improving function
with iron removal, reaching the expected high cardiac output dynamics when iron overload is

completely eliminated.

Finally, the importance of the RV was demonstrated in heart failure patients undergoing CRT
implantation, a condition where the focus is on the LV (described in chapter 9). The RV was an
independent predictor of both short-term response and long-term clinical outcomes, and

should be considered in the routine evaluation of patients for CRT.

In conclusion, the present work supports the recognized value of CMR in the study of the RV,
and demonstrates the important role of the RV in the physiology, pathophysiology, diagnosis
and prognosis of different cardiac conditions. The RV is therefore an essential component of
the circulatory system, and should be evaluated in every patient with cardiopulmonary
disease. Future challenges include standardization of RV methodology as CMR is becoming
more available, and enrolment of multicentre trials to define more precise management

strategies.
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CHAPTER 12: APPENDIX

12.1. PUBLICATIONS ARISING FROM THIS WORK

12.1.1. Peer reviewed research papers

Alpendurada F, Wong J, Kiotsekoglou A, Banya W, Child A, Prasad SK, Pennell DJ, Mohiaddin

RH. Evidence for Marfan cardiomyopathy. Eur J Heart Fail 2010;12:1085-91.

Alpendurada F, Carpenter JP, Deac M, Kirk P, Walker JM, Porter JB, Banya W, He T, Smith GC,
Pennell DJ. Relation of myocardial T2* to right ventricular function in thalassaemia major. Eur

Heart J 2010;31:1648-54.

Alpendurada F*, Carpenter JP*, Deac M, Maceira A, Garbowski M, Kirk P, Walker JM, Porter
JB, Shah F, Banya W, He T, Smith GC, Pennell DJ. Right ventricular volumes and function in
thalassemia major patients in the absence of myocardial iron overload. J Cardiovasc Magn

Reson 2010;12:24. (*Joint first author)

Alpendurada F, Smith GC, Carpenter JP, Nair SV, Tanner MA, Banya W, Dessi C, Galanello R,
Walker JM, Pennell DJ. Effects of combined deferiprone with deferoxamine on right

ventricular function in thalassaemia major. J Cardiovasc Magn Reson 2012;14:8.
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Alpendurada F, Guha K, Sharma R, Ismail TF, Clifford A, Banya W, Mohiaddin RH, Pennell DJ,
Cowie MR, McDonagh T, Prasad SK. Right ventricular dysfunction is a predictor of non-
response and clinical outcome following cardiac resynchronization therapy. J Cardiovasc Magn

Reson 2011,;13:68.

12.1.2. Abstracts

Alpendurada F, Guha K, Sharma R, Prasad SK. Right ventricular dysfunction predicts clinical

outcomes following cardiac resynchronization. EuroCMR 2011, Nice, France. Oral presentation

Alpendurada F, Smith GC, Carpenter JP, Tanner MA, Banya W, Galanello R, Pennell DJ. Effect
of myocardial iron removal on right ventricular function: insights from a randomized, placebo

controlled, double-blind trial in thalassaemia major. ESC2010, Stockholm, Sweden. Poster

Alpendurada F, Carpenter JP, Smith GC, Tanner MA, Banya W, Galanello R, Pennell DJ. Effect
of myocardial iron removal on right ventricular function: insights from a randomized, placebo
controlled, double-blind trial in thalassemia major. EuroCMR 2010, Florence, Italy. Oral

presentation

Alpendurada F, Wong J, Kiotsekoglou A, Banya W, Child A, Prasad SK, Pennell DJ, Mohiaddin
RH. Evidence for Marfan cardiomyopathy. Portuguese Society of Cardiology Meeting, Lisbon,

Portugal. Oral presentation
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Carpenter JP, Alpendurada F, Deac M, Kirk P, Maceira A, Walker JM, Porter JB, Banya, B, Smith
GC, Pennell DJ. Normalized ranges for right ventricular volumes and function in thalassemia

major. SCMR 2010. Phoenix, AZ. Poster

Alpendurada F, Deac M, Carpenter JP, Kirk P, Smith GC, Pennell DJ. Impact of Myocardial Iron

Loading on Right Ventricular Function. ESC2009. Barcelona, Spain. Poster

Alpendurada F, Wong J, Kiotsekoglou A, Banya W, Mohiaddin RH. Marfan’s cardiomyopathy: a

novel entity from a well-known disease? ESC2009. Barcelona, Spain. Poster

Kiotsekoglou A, Alpendurada F, Wong J, Kapetanakis V, Child AH, Mohiaddin RH. Assessment
of Right Ventricular Function in adults with Marfan syndrome using Cardiovascular Magnetic

Resonance. EuroCMR2009. Athens, Greece. Poster

Alpendurada F, Wong J, Kiotsekoglou A, Banya W, Mohiaddin RH. Marfan’s cardiomyopathy: a

novel entity? EuroCMR2009. Athens, Greece. Poster

Alpendurada F, Deac M, Carpenter JP, Kirk P, Smith GC, Pennell DJ. Impact of Myocardial Iron

Loading on Right Ventricular Function. BSCMR 2009. Oxford, UK. Poster
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Alpendurada F, Deac M, Carpenter JP, Kirk P, Smith GC, Pennell DJ. Impact of Myocardial Iron

Loading on Right Ventricular Function. SCMR 2009, Orlando, FL. Poster

Wong J, Alpendurada F, Burman E, Mohiaddin R. Marfan’s cardiomyopathy is associated with
aortic annular and root dilatation in the absence of significant valvular regurgitation. SCMR

2009, Orlando, FL. Oral presentation

Alpendurada F, Mohiaddin R. Evaluation of Marfan syndrome by Cardiovascular Magnetic

Resonance. ESC 2008, Munich, Germany. Poster

Alpendurada F, Mohiaddin R. Evaluation of left ventricular volumes and mass in a Marfan

population by Cardiovascular Magnetic Resonance. EuroCMR 2008, Lisbon, Portugal. Poster

Alpendurada F, Mohiaddin R. Evaluation of Marfan syndrome by Cardiovascular Magnetic

Resonance. EuroCMR 2008. Lisbon, Portugal. Poster

Alpendurada F, Mohiaddin R. Prevalence of cardiovascular manifestations in patients with
Marfan syndrome: a Cardiovascular Magnetic Resonance study. SCMR 2008, Los Angeles, CA.

Poster
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12.1.3. Invited presentations

Cardiac volumes and function in thalassaemia major. Novartis Pharma CMR Symposium.

London, 5" August 2010

Cardiovascular magnetic resonance in Marfan syndrome. British Heart Foundation Centre of

Research Excellence Seminar. London, 25 June 2009

12.2. PERSONAL CONTRIBUTION TO RESEARCH

For the Marfan cardiomyopathy paper, | conceived and designed the study, collected and
analysed the data, and drafted the manuscript. For the thalassaemia work on the RV and T2%*,
| participated in the study design, data collection and analysis, and jointly prepared the
manuscript with Dr John-Paul Carpenter. For the study on normal RV reference ranges in TM, |
participated in the study design, data collection and analysis, and jointly prepared the
manuscript with Dr John-Paul Carpenter. For the paper on the RV and chelation therapy, |
participated in the study design, data collection and analysis, and wrote the manuscript in
conjunction with Dr Gill Smith. For the cardiac resynchronization therapy paper, | conceived
and designed the study, collected and analysed the data, and drafted the manuscript. The
statistical analysis was performed with the assistance of Mr Winston Banya (Medical

Statistician) at Imperial College.

12.3. CRITICAL DEVELOPMENT REVIEW AS A RESEARCHER

Over the last 4 years, | have been fortunate to be actively engaged in several research projects

under the supervision of world-renowned experts in cardiovascular magnetic resonance.
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During this period of time, | developed the critical knowledge for creating and developing
research projects, as well as re-evaluating the available information and defining the most
appropriate directions to pursue. | learned that time is valuable and resources are limited, so |
try to focus on the fundamentals, and look for ideas or messages that are potentially relevant
for clinical practice. | have acquainted with the Local Ethics Department, and have been
involved with applications to the Research Ethics Committees. | improved on creating
databases, planning data acquisition, and ensuring consistent data collection. With the help of
statistical courses and dedicated professionals, | improved my statistical skills and | am now
able to independently perform most the statistical analysis for myself and other members of
the Department. | developed skills on medical writing, initially with editorials and reviews
articles, and then progressing to original articles. Although there is still room for
improvement, | am now reviewing other original articles as a co-author, and case reports as a
senior author. | started experiencing the gruesome task of corresponding with Journal editors
and especially with the appointed reviewers. As a result, when having the opportunity to
review other centres’ works for publication, | tend to follow a more constructive approach.

Finally, | started participating in grant applications for research funding.

12.4. SUPERVISION

This thesis was supervised by Dr Andrew Tizzard at Middlesex University and by Professor
Dudley J Pennell at Imperial College London. Professor Richard Bayford at Middlesex

University was the Director of Studies.
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12.5. LIST OF ABBREVIATIONS

1D - One-dimensional

2D - Two-dimensional

3D - Three-dimensional

ARVC - Arrhythmogenic right ventricular cardiomyopathy

BSA - Body surface area

BNP - B-type natriuretic peptide

CAD - Coronary artery disease

CE-MRA - Contrast-enhanced magnetic resonance angiography

CHD - Congenital heart disease

CT - Computed tomography

CMR - Cardiovascular magnetic resonance

CRT - Cardiac resynchronization therapy

ECG - Electrocardiogram

EDV - End-diastolic volume

EF - Ejection fraction

ERNA - Equilibrium radionuclide angiography

ESV - End-systolic volume

FID - Free induction decay
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FOV - Field of view

FPRNA - First pass radionuclide angiography

GBCA - Gadolinium based contrast agent

GE - Gradient echo

HF - Heart failure

Hz - Hertz

IQR - Interquartile range

LA - Left atrium

LAD - Left anterior descending artery

LBBB - Left bundle branch block

LGE - Late gadolinium enhancement

LV - Left ventricle

MDCT - Multidetector computed tomography

MFS - Marfan syndrome

MR - Magnetic resonance

MRA - Magnetic resonance angiography

MRI - Magnetic resonance imaging

NYHA - New York Heart Association

PAP - Pulmonary artery pressure
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PDA - Posterior descending artery

PHT - Pulmonary hypertension

PVR - Pulmonary vascular resistance

RCA - Right coronary artery

ROI - Region of interest

RV - Right ventricle

SD - Standard deviation

SE - Spin echo

Sl - Signal intensity

SPECT - Single photon emission computed tomography

SSFP - Steady state free precession

T2* - T2 star

TAPSE - Tricuspid annular plane systolic excursion

T-Tesla

TE - Echo time

TGF-B - Transforming growth factor-beta

Tl - Inversion time

TM - Beta thalassaemia major

TR - Repetition time
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