UTILITY OF CARDIOVASCULAR MAGNETIC
RESONANCE IN THE ASSESSMENT OF MYOCARDIAL
DYSFUNCTION IN PULMONARY ARTERIAL
HYPERTENSION
By

Karthigesh Sree Raman
MBChB, FRACP

Thesis
Submitted to Flinders University
for the degree of

Doctor of Philosophy
College of Medicine and Public Health
11th March 2022

TABLE OF CONTENTS
CHAPTER 1 : INTRODUCTION........................................................................................ 17
PULMONARY ARTERY HYPERTENSION ............................................................................ 17
DISEASE BURDEN AND PROGNOSIS IN PAH .................................................................... 19
MYOCARDIAL DYSFUNCTION IN PAH ............................................................................. 21
1.3.1 Myocardial ischemia of the right ventricle in PAH ................................................ 23
1.3.2 Myocardial ischemia of the left ventricle in PAH ................................................... 24
CARDIOVASCULAR MAGNETIC RESONANCE (CMR) ....................................................... 25
1.4.1 Oxygen-sensitive cardiovascular magnetic resonance (OS-CMR)......................... 26
1.4.2 T1-mapping ............................................................................................................. 27
1.4.3 Cardiovascular Magnetic Resonance Feature Tracking (CMR-FT) ...................... 29
CHAPTER 2 : METHODS ................................................................................................... 31
2.1 STUDY PROTOCOL ........................................................................................................... 32
2.1.1 Ethics....................................................................................................................... 32
2.1.2 Participant Selection and Preparation ................................................................... 32
CMR IMAGE ACQUISITION .............................................................................................. 35
2.2.1 Multi Plane Localisers and Scout Images .............................................................. 35
2.2.2 Cine Imaging ........................................................................................................... 37
2.2.3 Oxygen Sensitive Cardiovascular Magnetic Resonance (OS-CMR) Imaging ........ 42
2.2.4 T1 mapping ............................................................................................................. 44
CMR ANALYSIS .............................................................................................................. 45
2.3.1 Ventricular Volumes, Function and Mass .............................................................. 45
2.3.2 OS-CMR Analysis ................................................................................................... 46
2.3.3 T1 Map Analysis ..................................................................................................... 47

2

2.3.4 CMR feature tracking analysis ............................................................................... 47
CHAPTER 3 : FEASIBILITY OF OXYGEN SENSITIVE CARDIOVASCULAR
MAGNETIC RESONANCE OF THE RIGHT VENTRICLE IN PULMONARY
ARTERY HYPERTENSION................................................................................................ 49
INTRODUCTION................................................................................................................ 50
METHODS ........................................................................................................................ 51
3.2.1 Ethics....................................................................................................................... 51
3.2.2 Participant Selection ............................................................................................... 51
3.2.3 Participant preparation .......................................................................................... 52
3.2.4 CMR protocol.......................................................................................................... 52
3.2.5 CMR analysis .......................................................................................................... 52
3.2.6 Statistical analysis .................................................................................................. 53
RESULTS ......................................................................................................................... 54
3.3.1 Participant characteristics...................................................................................... 54
3.3.2 CMR Characteristics .............................................................................................. 56
3.3.3 Right Ventricular Myocardial Oxygenation Response (OS-CMR) ......................... 58
3.3.4 LV Myocardial Oxygenation response (OS-CMR) ................................................. 61
3.3.5 Relationship between RV Myocardial Oxygenation, LV Myocardial Oxygenation
and CMR volumetric and functional indices ................................................................... 63
DISCUSSION .................................................................................................................... 65
3.4.1 Pathological mechanisms of RV ischemia in PAH ................................................. 65
3.4.2 Feasibility of OS-CMR in the RV ............................................................................ 66
3.4.3 Study Limitations .................................................................................................... 68
CONCLUSION ................................................................................................................... 69

3

CHAPTER 4 : RIGHT VENTRICULAR MYOCARDIAL DEOXYGENATION IN
PATIENTS WITH PULMONARY ARTERY HYPERTENSION ................................... 70
INTRODUCTION................................................................................................................ 71
METHODS ........................................................................................................................ 73
4.3.1 Ethics....................................................................................................................... 73
4.3.2 Participant Selection ............................................................................................... 73
4.3.3 Participant preparation .......................................................................................... 73
4.3.4 CMR protocol.......................................................................................................... 73
4.3.5 CMR analysis .......................................................................................................... 74
4.3.6 Statistical analysis .................................................................................................. 74
RESULTS ......................................................................................................................... 75
4.4.1 Participant Characteristics ..................................................................................... 75
4.4.2 CMR characteristics ............................................................................................... 78
4.4.3 Myocardial Oxygenation Response (OS-CMR) in PAH patients ........................... 81
4.4.4 Right Ventricular Native T1-values in PAH patients .............................................. 83
4.4.5 Comparing RV myocardial oxygenation and RV T1 values between iPAH and
SScPAH ............................................................................................................................ 83
4.4.6 Correlations between RV myocardial oxygenation, RV T1 values, CMR RV
volumetric/functional and RHC haemodynamic indices.................................................. 85
DISCUSSION .................................................................................................................... 87
4.5.1 Right ventricular myocardial deoxygenation in PAH ............................................. 87
4.5.2 Native T1-values in the right ventricle.................................................................... 89
4.5.3 Study Limitations .................................................................................................... 91
CONCLUSION ................................................................................................................... 92

4

CHAPTER 5 : LEFT VENTRICULAR ISCHEMIA IN PRE-CAPILLARY
PULMONARY HYPERTENSION: A CARDIOVASCULAR MAGNETIC
RESONANCE STUDY .......................................................................................................... 93
INTRODUCTION................................................................................................................ 94
METHODS ........................................................................................................................ 96
5.2.1 Ethics....................................................................................................................... 96
5.2.2 Participant Selection ............................................................................................... 96
5.2.3 Participant preparation .......................................................................................... 97
5.2.4 CMR protocol.......................................................................................................... 97
5.2.5 CMR analysis .......................................................................................................... 97
5.2.6 Statistical analysis .................................................................................................. 98
RESULTS ......................................................................................................................... 99
5.3.1 Participant Characteristics ..................................................................................... 99
5.3.2 CMR characteristics ............................................................................................. 103
5.3.3 LV Myocardial Oxygenation Response (OS-CMR) .............................................. 103
5.3.4 Myocardial Stress/Rest T1 Reactivity ................................................................... 105
5.3.5 Comparing LV myocardial ischemia in iPAH and SSc-PAH ............................... 105
5.3.6 Correlations between myocardial oxygenation, ΔT1 reactivity and CMR
volumetric/functional and hemodynamic indices in PH patients. ................................. 106
DISCUSSION .................................................................................................................. 110
5.4.1 Coronary microvascular disease of the LV in pre-capillary PH .......................... 110
5.4.2 Myocardial Oxygenation and T1 Reactivity in response to vasodilator stress .... 111
5.4.3 Study Limitations .................................................................................................. 113
5.4.4 Clinical implication and future directions ............................................................ 113
CONCLUSION ................................................................................................................. 115

5

CHAPTER 6 : CARDIOVASCULAR MAGNETIC RESONANCE FEATURE
TRACKING EVALUATION OF MYOCARDIAL STRAIN IN PULMONARY
HYPERTENSION................................................................................................................ 116
INTRODUCTION.............................................................................................................. 117
METHODS ...................................................................................................................... 119
6.2.1 Ethics..................................................................................................................... 119
6.2.2 Participant Selection ............................................................................................. 119
6.2.3 Participant preparation ........................................................................................ 119
6.2.4 CMR protocol........................................................................................................ 119
6.2.5 CMR analysis ........................................................................................................ 119
6.2.6 Statistical analysis ................................................................................................ 120
RESULTS ....................................................................................................................... 121
6.3.1 Participants Characteristics ................................................................................. 121
6.3.2 CMR Characteristics ............................................................................................ 121
6.3.3 CMR Myocardial Deformation ............................................................................. 122
6.3.4 Comparing LV GLS and RVFWS values between iPAH and SScPAH ................. 122
6.3.5 Correlations between CMR LV GLS, CMR RVFWS, myocardial oxygenation, CMR
volumetric/functional and haemodynamic indices in PAH patients .............................. 122
DISCUSSION .................................................................................................................. 124
6.4.1 Limitations ............................................................................................................ 125
CONCLUSION ................................................................................................................. 126
CHAPTER 7 : RIGHT VENTRICULAR FREE WALL SYSTOLIC STRAIN
CORRELATES TO PRESSURE FLOW RELATIONSHIP DURING DOBUTAMINE
STRESS ECHOCARDIOGRAPHY .................................................................................. 127
INTRODUCTION.............................................................................................................. 128
6

METHODS ...................................................................................................................... 130
7.2.1 Ethics..................................................................................................................... 130
7.2.2 Participant Selection ............................................................................................. 130
7.2.3 Participant preparation ........................................................................................ 130
7.2.4 Dobutamine stress echocardiography protocol .................................................... 130
7.2.5 CMR protocol........................................................................................................ 131
7.2.6 CMR analysis ........................................................................................................ 131
7.2.7 Echocardiography analysis .................................................................................. 131
7.2.8 Statistical analysis ................................................................................................ 133
RESULTS ....................................................................................................................... 134
7.3.1 Participant Characteristics ................................................................................... 134
7.3.2 Echocardiography Characteristics ....................................................................... 136
7.3.3 mPAP/CO vs echocardiographic parameters ....................................................... 138
7.3.4 mPAP/CO vs CMR parameters ............................................................................. 139
DISCUSSION .................................................................................................................. 142
7.4.1 Study limitations.................................................................................................... 143
CONCLUSION ................................................................................................................. 144
CHAPTER 8 : CONCLUSIONS ........................................................................................ 145
MYOCARDIAL OXYGENATION IN PAH .......................................................................... 145
MYOCARDIAL EXTRACELLULAR MATRIX (ECM) AND CORONARY MICROVASCULAR
FUNCTION IN PAH............................................................................................................... 146

MYOCARDIAL DEFORMATION IN PAH .......................................................................... 146
CHAPTER 9 : FUTURE DIRECTIONS ........................................................................... 147
CHAPTER 10 : REFERENCES ......................................................................................... 148

7

THESIS SUMMARY

Pulmonary arterial hypertension (PAH) is a pulmonary vasculature disease that predominantly
involves the small pulmonary arteries and arterioles. PAH is a rare but serious disease that
affects both the pulmonary vasculature and the heart. In PAH, the insult to the pulmonary
vascular system causes pulmonary vascular remodelling leading to increased haemodynamic
load. This leads to compensatory mechanisms of the cardiac function in response to increased
right ventricle (RV) afterload. In particular, the RV adapts by increasing its force generating
capacity to overcome the increase in RV afterload. As the disease progresses, the RV
progresses from an adaptive to a maladaptive stage, with subsequent RV failure and death. It
has been well documented that RV size and function are strong predictors of prognosis in PAH.
However, in PAH the RV can negatively remodel in a clinically silent progression leading to
RV failure and ultimately death. At this stage, the pathophysiological mechanisms driving this
progression of the RV from adaptation to maladaptation remain unclear. Cardiovascular
Magnetic Resonance (CMR) with its recent advancement of novel parametric mapping
techniques have made non-invasive assessment of myocardial tissue characterisation more
feasible. While these novel techniques have been comprehensively studied for various
conditions in the left ventricle (LV); its use in the RV is limited.

The aims of this thesis are 1) To utilise the oxygen-sensitive CMR (OS-CMR) technique to
assess the feasibility, prevalence and extent of myocardial oxygenation in response to stress
and 2) to characterise the changes on myocardial extracellular matrix changes in the PAH
population.
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In Chapter 3, we demonstrate the feasibility of the OS-CMR technique in the RV of PAH
patients, a technique previously only used for the LV myocardium. This study was followed
with Chapter 4, which demonstrates the extent of myocardial oxygenation in the RV of PAH,
providing new mechanistic insights into the pathophysiology of myocardial ischaemia in PAH.
In Chapter 5, we demonstrate myocardial deoxygenation in the LV of PAH and with the utility
of Stress/Rest T1 mapping, demonstrate concurrent myocardial perfusion abnormalities
highlighting the presence of coronary microvascular dysfunction.

Furthermore, in Chapters 4 and 5, by utilising CMR parametric mapping techniques, we
demonstrate changes to the myocardial extracellular matrix in PAH. However, these changes
were not associated with myocardial oxygenation.

Chapters 6 and 7 examine the myocardial deformation strain changes in PAH. It demonstrates
both CMR (Chapter 6), and echocardiographic (Chapter 7) strain abnormalities are associated
with myocardial oxygenation and RV hypertrophy.

This thesis has advanced the mechanistic understanding into the pathophysiology of
myocardial dysfunction in PAH. Further work of this nature could lead to new diagnostic,
prognostic, and therapeutic possibilities for PAH patients.
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Chapter 1 : Introduction

Pulmonary Artery Hypertension
The normal pulmonary vascular system is a low pressure system with a flow pressure of less
than one tenth compared to systemic vascular bed (1). Pulmonary Hypertension (PH) is a
haemodynamic state whereby the pressure in the pulmonary vascular system is elevated. At the
first World Symposium on Pulmonary Hypertension (WSPH) in 1973, PH was defined as a
mean pulmonary artery pressure (mPAP) of more than 25mmHg on right heart catheter (RHC)
(2). At that stage, PH was broadly classified into primary pulmonary hypertension and
secondary pulmonary hypertension (2). With the advancements in the understanding of the
disease, the WSPH developed a clinical classification for PH, categorising PH into groups that
share similar pathophysiological mechanisms, clinical presentations, haemodynamic features
and clinical management (3). Recently at the Sixth World Symposium on PH, the definition
and clinical classification of PH was updated (Table 1) (3). In the revised definition, RHC
mPAP of more than 20mmHg is now considered diagnostic of PH. Pulmonary arterial
hypertension (PAH) relates to the changes that mostly affects the arterial component of the
pulmonary vasculature. In PAH, the pathological changes to the pulmonary vascular pressures
were thought to originate from a predisposing state interacting with a provoking stimulus (4,
5). This interaction triggers various mechanisms that lead to vascular constriction, cellular
proliferation and prothrombic state resulting in the clinical sequelae of PAH (4).
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Table 1.1: Clinical classification of Pulmonary Hypertension (PH) (3)
Group 1: Pulmonary Arterial Hypertension (PAH)
• Idiopathic PAH
• Heritable PAH
• Drug- and toxin-induced PAH
• PAH associated with:
o Connective tissue disease
o HIV infection
o Portal hypertension
o Congenital heart disease
o Schistosomiasis
• PAH long-term responders to calcium channel blockers
• PAH with overt features of venous/capillaries pulmonary veno-occlusive
disease/pulmonary capillary haemangiomatosis (PVOD/PCH) involvement
• Persistent PH of the newborn syndrome
Group 2: PH due to left heart disease
• PH due to heart failure with preserved left ventricular ejection fraction (LVEF)
• PH due to heart failure with reduced LVEF
• Valvular heart disease
• Congenital/acquired cardiovascular conditions leading to post-capillary PH
Group 3: PH due to lung diseases and/or hypoxia
• Obstructive lung disease
• Restrictive lung disease
• Other lung disease with mixed restrictive/obstructive pattern
• Hypoxia without lung disease
• Developmental lung disorders
Group 4: PH due to pulmonary artery obstructions
• Chronic thromboembolic PH
• Other pulmonary artery obstructions
Group 5: PH with unclear and/or multifactorial mechanisms
• Haematological disorders
• Systemic and metabolic disorders
• Others
• Complex congenital heart disease
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Disease Burden and Prognosis in PAH
Pulmonary arterial hypertension (PAH) is a progressive disorder that affects both the
pulmonary vasculature and the heart (1). It is a rare but severe disease, affecting up to 50 per
million population (6). Initial management of PAH was based on anecdotes followed by case
reports and case series; unfortunately, these treatments did not change prognosis and were
mostly ineffective. In the last two decades, a better understanding of PAH pathological process
has led to more effective therapies which have improved the quality of life and prognosis (79). The current treatment guidelines are aimed at reducing clinical deterioration/progression
and mortality by assessing a multi-parameter risk which includes World Health Organization
(WHO) functional class (FC), exercise capacity, haemodynamic parameters and right
ventricular (RV) function (10). While this has improved outcomes, PAH is frequently a fatal
disease with no cure (11). This was demonstrated in the French registry, whereby near 20% of
PAH patients with baseline WHO FC II experienced disease progression and early death (12).
In addition, it has been demonstrated that despite stable medical therapy with no change in
WHO FC, exercise capacity or haemodynamic parameters; PAH patients can experience silent
progressive RV failure leading to death (13, 14). To add further strength, a recent Australian
national database involving a large cohort of over 150,000 patients demonstrated increased
cardiovascular related mortality in patients with mild PH (Figure 1.1) (15).
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Figure 1.1 : Increased 1-year and 5 year mortality at every increment of the estimated
right ventricular systolic pressure (15).
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Myocardial Dysfunction in PAH
Although the initial insult in PAH involves the pulmonary vasculature, the prognosis of patients
with PAH is most dependent on cardiac function. In particular, the RV size and function are
the most powerful determinant of prognosis in PAH (12, 16, 17). The sustained pressure
overload that occurs in PAH leads to adaptive changes to the cardiomyocyte and interstitium
in the RV.

In the normal myocardium, a healthy extracellular matrix (ECM) network surrounds and
interconnects cardiac myocyte, myofibrils, coronary microcirculation and is crucial in
maintaining function (18). The ECM network plays a role in:
1. Maintaining cardiac myocyte alignment thereby maintaining ventricular shape.
2. Maintaining the length of sarcomeres, preventing overstretch as well as re-lengthening
of the myocardium during ventricular diastole.
3. Maintaining an appropriate distribution of force during ventricular systole.
Within the ECM, the interstitium provides a network of mechanical support, regulatory growth
hormones, cytokines, and other signaling molecules. The interstitium forms a relationship
together with cardiac myocytes in maintaining optimal cardiac function. Cardiac fibroblasts
are the predominant cells located in the interstitium and are responsible for producing collagen,
which is integral to elasticity and tensile strength of the myocardium. The equilibrium of
collagen formation and breakdown is maintained by matrix metalloproteinases (MMPs) and
tissue inhibitors of metalloproteinases (TIMPs).

In cardiac diseases, there is usually a disruption of healthy ECM due to the formation of
myocardial fibrosis. However, different forms and patterns of fibrosis develop depending on
the aetiology, triggers and circumstance of the cardiac disease. A direct insult to the
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cardiomyocyte will lead to cell death and apoptosis with subsequent formation of replacement
fibrosis of scar tissue (19). In cardiac diseases where there are triggers without direct insult to
the cardiomyocyte, reactive fibrosis develops (20). Reactive fibrosis is a process of increased
collagen fibres production within the interstitium surrounding the cardiomyocyte. This is
followed by plexiform fibrosis which is characterised by large collagen foci’s that cause
disarray of myocardial fibres (21). In response to pressure overloaded conditions such as aortic
stenosis or PH, there is enhanced collagen formation driven by MMPs and TIMPs which is
initially adaptive by supporting the ECM to maintain ventricular shape and withstand the high
pressures (22, 23). However, prolonged periods of pressure overload cause excess collagen
formation and breakdown. In addition, this cycle of high collagen turnover and subsequent
formation of new ECM structure differs from the healthy ECM and in the long term will lead
to maladaptive alterations of the collagen network in the interstitium. Maladaptive alteration
of the collagen network will cause the loss of ECM integrity, formation of fibrosis and
subsequent ventricular dilatation, ventricular dysfunction and disease progression (23).

In PAH, the RV is affected more than the left ventricle (LV) and whilst there are similarities
in cardiac structure, there are some keys points of difference:
1. Embryologically the RV originates from the anterior heart field, whereas the LV derives
from the linear heart tube (24).
2. The contrast of embryological origin is possibly the cause of different MMPs
distribution between RV and LV (25).
3. Increase relative atrophy of the RV cardiomyocyte compared to the LV after birth (26),
leads to higher collagen content in the RV (7.4%) compared to the LV (5.5%) (27).
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These aforementioned points of difference between the LV and RV, suggest the
pathophysiological mechanisms that affect the more extensively studied LV cannot be directly
extrapolated to the RV. Compared to the LV, the RV not only differs embryologically, it has
differing coupling between flow and contraction (28). Additionally, the RV has been
demonstrated to have lower resting coronary blood flow, increased systolic coronary flow,
lower oxygen requirement at both rest and exertion and greater effect of flow and pressure on
oxygen consumption compared to the LV (28). Furthermore; studies have demonstrated adrenergic stimuli selectively causes right coronary constriction (29) and nitric oxide regulates
right coronary flow at rest and during transient PH but not left coronary flow (30) further
highlighting the differences between LV and RV.

1.3.1 Myocardial ischemia of the right ventricle in PAH
In PAH, there are many potential mechanisms of RV remodelling and subsequent dysfunction
(31). A number of these mechanisms precipitate ischemia, which is thought to be a significant
contributor (32) to progressive RV failure. This can occur in one of many forms 1) The
increasing pulmonary vascular pressure decreases the pressure gradient between the aorta and
the RV thereby reducing myocardial blood flow in the right coronary artery leading to
myocardial ischemia (33, 34). In addition, RV myocardial ischemia is further exacerbated by
an inadequate compensatory increase in the myocardial vasculature owing to progressive RV
hypertrophy (RVH) (35-37). Furthermore; in the advanced stages of PAH, the right coronary
perfusion pressure can drop below 50 mmHg leading to a decline of RV contractile function
(33). 2) Occlusive microvascular damage and impairment in angiogenesis (known as capillary
rarefaction) has been demonstrated in animal models, this mechanism of microvascular
ischaemia is believed to be dominant in systemic sclerosis associated pulmonary artery
hypertension (SScPAH) (33, 38). 3) Dysfunctional mitochondrial metabolism has been another
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pathologically relevant mechanism of myocardial ischemia demonstrated in the hypertrophied
RV of PAH. In animal models of PAH with RVH, there is a shift from fatty acid oxidation to
glycolysis as a preference of energy substrates (39). This shift to glycolysis has been
demonstrated by increased uptake of fluorodeoxyglucose on positron emission tomography
(PET) in PAH patients with RVH (40). This metabolic shift to aerobic glycolysis has been
associated with decreased cardiac output and RV contractility (39, 41).

1.3.2 Myocardial ischemia of the left ventricle in PAH
The pathophysiology of LV dysfunction in PAH is not clearly appreciated. A number of
putative mechanisms, in isolation, or in combination, have been proposed. Changes in the RV
can affect the right-to-left interventricular interaction by leftward septal bowing, which leads
to impaired LV diastolic filling (42, 43), and possibly to myocardial ischemia. Other studies
have also demonstrated this impairment in LV diastolic function (44, 45) as well as a reduction
in LV free wall mass, in association with RV dysfunction, in PAH patients (46). In a more
recent study; using biopsy from explanted hearts of PAH patients, atrophy and severe
contractility impairment of the LV cardiomyocyte has been demonstrated (47).

Although LV myocardial ischaemia has been described in pulmonary hypertension, it is mostly
seen in association with congenital and left heart disease with limited studies in PAH. In
SScPAH, the LV myocardial perfusion abnormalities have been attributed to decreased
coronary flow reserve (48) and coronary microvascular dysfunction (49). Extrinsic
compression of the left main coronary artery due to dilatation of the pulmonary artery has been
elegantly reported by Galiè et al. (50). This study demonstrated the high prevalence (40%) of
extrinsic compression of left main coronary arteries in patients with PAH. However, only
patients with PAH and angina-like symptoms were studied, and left main coronary artery
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compression due to dilated pulmonary artery has been reported in other forms of pulmonary
hypertension, including patients with normal pulmonary pressures (51). Furthermore, although
these patients were selected based on the presence of PAH and angina-like symptoms and not
specifically based on the severity of PAH, the majority had severe PAH with systolic
pulmonary pressure 60±20mmHg (45). It is increasingly recognised, however, that the
microvascular damage seen in the pulmonary vasculature of PAH has links to coronary artery
disease. A recent study by Meloche et al. demonstrated that the inflammation and epigenetic
readers seen in PAH pulmonary vasculature were also overexpressed in the coronary arteries.
The authors suggested that inflammatory and epigenetic readers may trigger coronary vascular
remodeling in both the LV and RV, leading to coronary microvascular dysfunction and
coronary artery disease (52). The potential role of LV ischemia, as a contributor to progressive
LV dysfunction, has not been systematically studied in PAH.

Cardiovascular Magnetic Resonance (CMR)
Cardiovascular Magnetic Resonance (CMR) has high spatial resolution, excellent signal-tonoise ratio and the ability to image the heart in a three-dimensional manner. It is seen as the
gold standard in the evaluation of volumes, mass and systolic function of the heart, both of the
left and right ventricles (53). In multiple studies the high accuracy and reproducibility of CMR
has been demonstrated in the assessment of cardiac volume and function. The accuracy of
CMR derived ventricular volumes was determined from studies using in-vitro phantoms,
animal models and human subjects (54-56). In the RV, both Koch et al and Beygui et al were
able to demonstrate good accuracy when comparing between in-vivo RV volume and mass
assessment by CMR with ex-vivo measurements (56, 57). Further studies have also
demonstrated excellent reproducibility of RV measurements by CMR in normal volunteers
(58, 59) as well as in various disease states (60) including in congenital heart disease (61, 62).
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In PAH, CMR has been a valuable tool, especially in the assessment of the RV whereby the
RV volume and function metrics can predict mortality (13, 37, 63). Furthermore, CMR is
sensitive enough to demonstrate progressive RV deterioration in clinically stable PAH patients
(14); although there is a varied RV volumetric and functional response to PAH therapies (6467). This would suggest that there are other pathophysiological mechanisms in PAH that
continue to drive progressive RV remodelling and subsequent dysfunction in otherwise
clinically stable PAH patients.

Recent advancement in CMR parametric mapping techniques have made non-invasive
assessment of tissue characterization of the myocardium clinically feasible (53). While these
techniques have been extensively studied for various conditions in the LV; there is now
emerging preliminary evidence of its use in the RV (68, 69). However the evidence is limited
with further evaluation required, which this thesis hopes to explore.

1.4.1 Oxygen-sensitive cardiovascular magnetic resonance (OS-CMR)
The oxygenation-sensitive cardiovascular magnetic resonance (OS-CMR), otherwise known
as Blood Oxygen Level Dependent (BOLD) effect, enables the in vivo assessment of
myocardial oxygenation at the tissue level. This technique is based on the changes of
paramagnetic properties of haemoglobin due to the effects of oxygenation initially described
by Linus Pauling (70). The change from oxygenated to de-oxygenated haemoglobin causes
significant spin-spin interactions which shortens spin-spin relaxation time and determines a
change of transverse magnetization T2/T2* times. De-oxygenation therefore increases the
volume of magnetic susceptibility, leading to a change in magnetic resonance signal intensity
(71). Thus, an increased myocardial de-oxygenation would be represented by the relative
increased presence of de-oxygenated haemoglobin in the capillary blood; which is reflected as
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a drop-in signal intensity in the ‘T2/T2* weighted’ CMR images and vice-versa. In-vivo
myocardial oxygenation is altered via the use of coronary vasodilators which increase
myocardial perfusion, and this consecutively will increase oxygenation concentration and
reduce myocardial venous blood deoxygenation leading to incremental changes on T2* value
on OS-CMR. (72, 73).

There have been several advances that have improved the quality of the acquired OS-CMR
images over the past years. Firstly the move to acquiring images at 3 Tesla (3T). Preliminary
OS-CMR studies at 1.5 Tesla (1.5T) were essentially limited by the relatively small signal
difference between normal and de-oxygenated myocardial regions. The move to 3 Tesla (3T)
improved the ability to detect changes in myocardial oxygenation by a factor of 2.5 (74). This
however came at the cost of artefacts from the inhomogeneities of the magnetic field. Secondly,
initial OS-CMR studies were limited by low signal to noise ratio (SNR), which was impaired
by imaging artefacts along the heart-lung interface and long acquisition times (75, 76). The
recent steady-state-free-precession (SSFP) based sequence has overcome many of these
limitations (77, 78). The OS-CMR technique has been widely used to advance our
understanding of the role of myocardial oxygenation in cardiomyopathy and coronary artery
disease states (79).

1.4.2 T1-mapping
Human tissues have a specific T1 relaxation time based on their composition. This occurs in
the direction of the magnetic field after a radio frequency pulse has disrupted the nuclei from
an equilibrium state. CMR T1 mapping measures the longitudinal or spin-lattice relaxation
time of these nuclei. This is achieved using different inversion times or by using saturation
recovery techniques to derive a T1 recovery curve by a voxel-by-voxel measurement;
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parametric maps are finally generated to represent T1 values in milliseconds. Advances in
CMR imaging techniques and mapping sequences have enabled quantitative T1 assessment of
myocardial composition.

Several mapping sequences have been proposed to obtain T1 mapping data. In 1970 Look and
Locker implemented a method that acquired multiple data after a radio frequency pulse was
delivered (80). Subsequent refinements of this approach have led to faster acquisition times.
The Modified Look-Locker Inversion recovery (MOLLI) sequence significantly improved the
original Look-Locker approach; (81) in a single breath hold of 17 seconds, 11 images are
acquired at the same cardiac phase allowing mapping. The Shortened MOLLI (ShMOLLI) is
a refinement of the MOLLI sequence; (82) ShMOLLI uses an inversion recovery that does not
require full recovery of longitudinal magnetization because of the conditional data analysis
algorithm. Hence, T1 mapping is acquired over a single breath hold of 9 heart beats. However,
the downside of ShMOLLI is that there is increased variability due to the reduced number of
acquired images to generate the T1 curves. Saturation recovery (SR) methods, such as
Saturation Recovery Single-Shot Acquisition (SASHA), which involve a non-selective
saturation of the longitudinal magnetization to zero, have also been developed to acquire T1
maps (83). This approach avoids the need for a recovery phase, as recovery always begins
from a saturated state. In clinical practice, T1 mapping data can be acquired with (contrast
enhanced) or without (native) the use of Gadolinium contrast agents. Contrast enhanced T1
mapping is used mainly for calculating the extracellular volume fraction (ECV), which
represents the interstitium and extracellular matrix. The gadolinium contrast agent, which is an
extra-cellular and extra-vascular agent, shortens the tissue T1 relaxation time; with conditions
resulting in diffuse myocardial fibrosis leading to an expansion of ECV which are characterized
by lower post-contrast T1 times (84). There are however some issues that need to be considered
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when analyzing post-contrast T1 times and ECV. These include injected dose, heart rate,
gadolinium chelate clearance, time of measurement post injection and hematocrit (85-87).
Conversely, native T1 mapping reflects the composite of both intracellular and extracellular
components (88). Native T1 values increase in edematous conditions (e.g. acute myocardial
infarction and inflammation) and conditions that increase the interstitial space (e.g.
cardiomyopathies). On the other side, infiltrative conditions that lead to lipid deposition (e.g.
Anderson-Fabry disease) or

iron overload (e.g. hemochromatosis) are characterized by

reduced native T1 values.

1.4.2.1 Rest/Stress T1 mapping
CMR stress/rest T1 mapping has emerged as a novel promising technique to distinguish
normal, ischemic and infarcted myocardium in patients with coronary artery disease (CAD)
(89). This technique measures changes in T1-values between native (rest) T1 mapping and
vasodilator induced stress T1 mapping. CMR T1 mapping is highly sensitive to changes in
myocardial water content, including myocardial blood volume (MBV) (82, 90). Vasodilator
stress induction causes coronary vasodilatation which leads to increased myocardial water (82)
and MBV (91, 92); hence altering T1-values which will enable assessment of microvascular
and MBV changes during ischemia (93). Stress/rest T1 mapping is validated to distinguish
between epicardial and microvascular CAD (94-97).

1.4.3 Cardiovascular Magnetic Resonance Feature Tracking (CMR-FT)
Cardiovascular magnetic resonance myocardial feature tracking (CMR-FT) is a recent novel
method introduced for high-resolution assessment of global and regional myocardial
deformation by tracking the actual myocardial borders and following them over time. CMRFT involves the use of specific software to measure global and regional myocardial
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deformation from SSFP CMR images which will automatically track the myocardial changes
to determine velocities, displacement, myocardial strain (circumferential, radial and
longitudinal) and strain rate (98). CMR-FT has been applied to a wide range of cardiovascular
condition such as ischemia (99), cardiomyopathies (98, 100) and pulmonary hypertension
(101); whereby CMR-FT has been demonstrated to have a superior prediction of mortality
compared to CMR functional indices.

Table 1.2: CMR-FT applications in cardiovascular conditions
Study

Study Characteristics

Findings

Eitel et al

Retrospective Study. Patient’s

Deformation imaging with CMR-FT (particularly GLS)

with myocardial infraction

was associated with increased MACE rates after

(n=1235): STEMI (n=795),

myocardial infarction.

NSTEMI (n=440)
Schuster et al

Claus et al

Review paper. Utility of CMR-

CMR-FT has clinical value in monitoring response to

FT in congenital heart disease.

therapy and predicting future events

Review paper. Utility of CMR-

In DCM and HCM, CMR-FT has clinical value in

FT in DCM, HCM and

monitoring response to therapy, predicting future events

infiltrative

and/or response to device therapy. In infiltrative

cardiomyopathy

cardiomyopathy, CMR-FT is used to track the progression
of disease.
Padervinskienė et al

Prospective study. Patients with

Deformation imaging with CMR-FT (particularly LV

pre-capillary PH (n=43).

GLS) corelated with RV dysfunction and was associated
with poor clinical outcomes.
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Chapter 2 : Methods

This chapter describes in general, the methodologies used in this thesis. The subsequent
chapters further elaborate on the specific methodologies used in each study population.
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2.1 Study Protocol
2.1.1 Ethics
This study was approved by the Southern Adelaide Clinical Human Research Ethics
Committee (HREC/15/SAC/397). All participants provided written informed consent to
participate in the study.

2.1.2 Participant Selection and Preparation
All cardiovascular magnetic resonance (CMR) scans require adequate preparation. At the time
when the research participant is providing consent for the study; they were given a thorough
explanation of the CMR procedure. All participants were screened to ensure their MRI safety
using a standard MRI safety form (Figure 2.1).

32

Figure 2.1 : Example of MRI safety form
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The participants were specifically asked regarding claustrophobia and only approached if they
felt they could undergo the CMR examination. Other typical CMR exclusion criteria are
implantable devices such as pacemakers or defibrillators, epicardial pacing wires, orbital
metallic fragments, hydrocephalus shunts or cerebral aneurysm clips. Participants were
allowed to take all regular medications prior to imaging.

The subjects were required to remove metal-containing objects, removable dentures, hair
clips/hair bands, earrings and all upper body clothing and change into a patient gown with the
opening down the front to aid in the positioning of the electrocardiogram (ECG) leads. An IV
catheter was inserted for CMR contrast agent administration. Before entering the MRI scan
room, an explanation of breath-holding commands was given at the start of the examination.
In addition, the potential symptomatic effects of stress adenosine were explained to all research
participants.

The participants were placed in a supine position on the scan table and for additional comfort,
a foam wedge was placed under the patient’s knees. The vector cardiogram leads were placed
on the anterior chest wall and a proper gating signal was received and checked on the scanner
display. A baseline ECG, heart rate and blood pressure were performed before, during and after
the stress imaging. The flex array coil was then placed over the patient’s anterior chest wall.
The participant was then positioned in the scanner bore by centring the laser’s cross-hairs on
the landmark indicated on the flex array coil so that the participant was in the centre of the
magnet prior to running the CMR sequences.
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CMR Image Acquisition
2.2.1 Multi Plane Localisers and Scout Images
Firstly, a set of multi-slice, multi-planar localizer images are performed in a single breath-hold,
on every heartbeat, acquired at the diastolic phase of the cardiac cycle. Axial, coronal and
sagittal images were acquired with the field of view (FOV) adjusted in the antero-posterior
direction.

2.2.1.1 Vertical Long-Axis (VLA) Scout
On the axial image, the imaging plane that bisects the LV was selected, i.e. middle mitral valve
to LV apex (Figure 2.2). This imaging plane is called vertical long-axis (VLA scout).

Figure 2.2 : Example of VLA Scout image

2.2.1.2 Horizontal Long-Axis (HLA) Scout
The horizontal long-axis (HLA) plane is determined by using the VLA scout image. At end
diastole of the VLA scout, an imaging plane was chosen that transects the middle of the mitral
valve and LV apex (Figure 2.3). A single slice breath-hold trufi image was performed in this
imaging plane. This was designated HLA scout.
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Figure 2.3 : Example of HLA Scout image

2.2.1.3 Short-Axis Scout
Utilizing the HLA and VLA scout images, three short axis scout images were acquired with
the basal slice parallel to the atrioventricular (AV) groove. The three slices were acquired
perpendicular to the long axis of the left ventricle. The distance between the slices were chosen
such that they encompassed the basal, mid and apical regions of the LV (Figure 2.4).

Figure 2.4 : Example of Short-Axis Scout image
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2.2.2 Cine Imaging
Cine images were acquired in the VLA, HLA and ten short-axis images covering the entirety
of the right and left ventricles, using a retrospective ECG gating SSFP sequence (repetition
time (TR) 3ms, echo time (TE) 1.5ms, matrix 173 x 256, field of view 370 x 370 mm,
bandwidth 1302, spatial resolution 1.81 x 1.45 x 6, slice thickness 6 mm, flip angle 55˚).

2.2.2.1 VLA (Two Chamber) Cine
To acquire the VLA cine, a planned parallel line was placed in a ‘vertical orientation’ on a
short axis scout image (Figure 2.5). The planned line transects the anterior and posterior
insertion points of the RV into the inter-ventricular septum.

Figure 2.5 : Example of VLA Cine
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2.2.2.2 HLA (Four Chamber) Cine
The HLA cine was acquired by positioning a planned parallel line in a ‘horizontal orientation’
on a short axis scout image (Figure 2.6). On this mid-ventricular SA scout image, the planned
parallel line was carefully manipulated to go through (or as close as possible to) the major axis
of the RV free wall, the mid IV septum, the mid LV cavity and the lateral LV wall.

Figure 2.6 : Example of HLA Cine
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2.2.2.3 Left Ventricular Outflow Tract (LVOT) Cine
The LVOT cine was acquired by positioning a planned parallel line that passed across the
centre of the aortic and mitral valves on the basal short axis scout image and rotating the slice
on the VLA view through the apex of the heart (Figure 2.7).

Figure 2.7 : Example of LVOT Cine
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2.2.2.4 Left Ventricular Outflow Tract Cross Cut (LVOT XC) Cine
The LVOT XC cine was acquired by positioning a planned parallel line through and
perpendicular to the aortic valve in the LVOT cine view (Figure 2.8).

Figure 2.8 : Example of LVOT XC Cine

2.2.2.5 Short Axis Cine
The short-axis cine was a set of consecutive image slices encompassing the entire LV from
base to apex. Short Axis Cine was a series of multi-slice studies covering the entire LV in short
axis direction (perpendicular to the VLA image) which forms what was called a short axis cine
stack. (Figure 2.9). Depending on the size of the left ventricle, approximately 10 to 14 shortaxis slices were obtained.
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Figure 2.9 : Example of Short Axis Cine Stack
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2.2.3 Oxygen Sensitive Cardiovascular Magnetic Resonance (OS-CMR) Imaging
All participants were scanned using a 3 Tesla clinical MR scanner (Siemens, 3T MAGNETOM
Skyra, 18 channel torso phased array coil in conjunction with a spinal coil posteriorly) and
refrained from caffeine 24 hours prior to the scan. A single mid-ventricular slice was acquired
at mid-diastole using a single-shot T2-prepared ECG-gated SSFP sequence (TR 256ms, TE
1.21ms, T2 preparation time 40ms, matrix 168 x 192, field of view 340 x 340 mm, slice
thickness 6 mm, flip angle 44˚). Volume shimming and frequency adjustments were performed
as required before the oxygenation imaging to minimise off-resonance artefacts. Each OSCMR image was acquired during a single breath-hold over six heart beats. Four resting OSCMR images were acquired at rest prior to commencement of adenosine infusion (Figure
2.10A). Acquisition of the OS-CMR stress images commenced at 2 minutes of adenosine
infusion. Each acquisition lasted 8-10 seconds on average (was heart rate dependent); we
obtained four to six OS-CMR acquisitions over the stress period with an average of 30 seconds
interval between acquisitions (Figure 2.10B). Hence, a typical duration of stress OS-CMR
image acquisition was 3 minutes with the total duration of adenosine infusion was about 5
minutes. Stress heart rate and blood pressure were obtained every minute of adenosine infusion.
Patients were monitored by ECG, sphygmomanometry and pulse oximetry throughout the
study.

42

Figure 2.10 : Example of Rest (A) and Stress (B) OS-CMR image
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2.2.4 T1 mapping
T1 mapping was acquired using Shortened Modified Look-Locker Inversion recovery
(ShMOLLI) in three short-axis slice positions (basal, mid-ventricular and apical) as previously
described (89). The ShMOLLI sequence was performed with prospective ECG triggering until
optimal image quality was obtained. This sequence has a FOV of 360 x 360 cm, matrix 192 x
144 m, slice thickness 8 mm, producing a voxel size 1.88 mmx1.88 mm. The repetition time
TR is 379.40 and echo time TE of 1.07. Typically, the flip angle is set to 35 degrees and IPAT
(GRAPPA) factor of 2, TI (inversion time) of 260 ms. The native (resting) T1 maps were
acquired after the resting OS-CMR images (Figure 2.11). The mid-ventricular slice location
selected was matched to the selected mid-ventricular resting OS-CMR images.

Figure 2.11 : Example of Native (Rest) T1 maps at basal (A), mid (B) and apex (C)

2.2.4.1 Rest/Stress T1 mapping
Similar to the native (resting) T1 mapping, Rest/Stress T1 mapping was acquired using the
ShMOLLI sequence as described above. The mid-ventricular slice location was matched to the
mid-ventricular resting OS-CMR images, and the basal slice was carefully selected to avoid
the LV outflow tract. Stress T1 maps were acquired after the stress OS-CMR images (starting
5 mins after the commencement of the adenosine infusion) in 3 short-axis slices matching the
resting T1 maps.
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CMR Analysis
2.3.1 Ventricular Volumes, Function and Mass
The LV and RV volumes, function and mass were analyzed using dedicated software (CVI42,
Circle Cardiovascular Imaging, Calgary) using the acquired Short Axis Cine Stack. The
analysis starts at the end-diastolic phase, with the most basal slice, which is defined as the slice
with at least 50% of the myocardium. Using a mid-ventricular slice, the phases were advanced
until the end-systolic phase when the smallest cavity was reached (102). The CVI42 software
automatically calculated the volumes, function and mass (Figure 2.12). These contours were
manually checked, and any errors were corrected. The ventricular volumes and mass were
indexed to body surface area (BSA).

Figure 2.9 : CVI42 analysis of ventricular Volumes, Function and Mass
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2.3.2 OS-CMR Analysis
OS-CMR Image analysis was performed using CVI42. Assessment of the LV was performed
whereby epicardium and endocardium borders were manually traced and sub-divided into 6
equiangular segments based on a standard American Heart Association segmentation of the
mid-ventricular slice (103). The RV was segmented to into RV anterior (RV Ant), RV freewall (RV FW) and RV inferior (RV Inf) and a region of interest (ROI) contour was traced
manually. The mean resting myocardial signal intensity (SI) within each segment was obtained
by averaging signal measurements from all the acquired rest OS-CMR images. Similarly, mean
stress SI was calculated by averaging the signal measurements from all the stress OS-CMR
images acquired during adenosine infusion. As it was a cardiac gated sequence, corrections
were made to the mean signal intensity due to the variations of heart rate and its effects on T1
relaxation (104). These corrections were applied to previous OS-CMR studies involving the
LV, and a similar correction was applied to the OS-CMR RV SI. The following equation was
used for correction for measured signal intensity for heart rate:
S = S0/[1-e (-TR/T1)]
where S is the corrected SI and S0 is the measured SI. TR is the image dependent time between
acquisitions of sections of k-space, governed by the heart rate. An empirical value of
T1=1220ms22 and =0.59 from previously described work was appropriate for this sequence
(105). The relative SI change was calculated as:
ΔSI (%) = (SI stress-SI rest)/SI rest x 100.
As PAH is a global process, the LV OS-CMR assessment was evaluated globally by averaging
the ΔSI (%) from all the 6 LV segments.
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2.3.3 T1 Map Analysis
The T1-values of the LV and RV were assessed using CVI42. For the LV the endocardial and
epicardial contours were manually traced for all the 3 short-axis T1 map images (basal, midventricular and apical) and were divided into 16 segments according to the American Heart
Association 17-segment model (103). As for the RV, a ROI contour was traced manually on
the T1 maps of RV Ant, RV FW and RV Inf regions. A mean myocardial T1 value was obtained
within each segment.

2.3.3.1 Rest/Stress T1 Analysis
Rest/Stress T1 analysis was performed on the LV T1 maps acquired during rest and stress. The
endocardial and epicardial contours were manually traced for all the 3 short-axis T1 map
images (basal, mid-ventricular and apical) and were divided into 16 segments according to the
American Heart Association 17-segment model (103). The mean myocardial T1 within each
segment was obtained, both at rest and stress. The T1 reactivity (ΔT1) was then calculated from
the T1-values at rest (T1Rest) and during adenosine stress (T1Stress) as:
ΔT1 = (T1Stress – T1Rest)/T1Rest X 100%

2.3.4 CMR feature tracking analysis
The myocardial mechanics assessment was performed using CVI42 by utilizing cine short axis
and long axis (VLA, HLA and LVOT) images. First, at the end diastolic phase, the contrast
and brightness were manually optimized to ensure optimal endocardial/blood pool
discrimination; following which the mitral valve annular plane and the position of LV apex
were identified. The LV endocardial and epicardial borders (excluding papillary muscles and
trabeculae) were then manually traced on the end-diastolic frame of the cine images. The CVI42
software automatically propagated the contours and followed its features throughout the
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remainder of the cardiac cycle. LV myocardial architecture consists of longitudinally and
circumferentially orientated fibres located predominately in the epicardium/endocardium and
mid-wall. This is reflected by longitudinal, circumferential, and radial strain which demonstrate
subendocardial, mid-wall, and transmural myocardial functions. Global peak systolic
longitudinal strain (GLS) was derived from the long-axis cine images analysis while global
peak systolic circumferential (GCS) and radial (GRS) strains were derived from the short-axis
cine images analysis.
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Chapter 3 : Feasibility of oxygen sensitive cardiovascular magnetic
resonance of the right ventricle in pulmonary artery hypertension

Prior to using oxygen-sensitive cardiovascular magnetic resonance clinically the feasibility
must be tested. This chapter describes the feasibility of right and left ventricular oxygensensitive cardiovascular magnetic resonance in both patients with pulmonary arterial
hypertension and normal controls.
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Introduction
Pulmonary arterial hypertension (PAH) is a progressive disorder that affects both the
pulmonary vasculature and the heart (1). The natural progression of PAH involves gradual
development of right ventricle (RV) dysfunction which is often silent until advanced (16, 106).
Whilst the exact cause of RV remodelling and subsequent dysfunction remains unclear; an
ischemic precipitant is thought to be a significant contributor (32). Oxygen-sensitive (OS)
cardiovascular magnetic resonance (CMR) technique has been used to investigate myocardial
oxygenation and ischemia in the LV (71, 79). This technique has been based on the effects of
oxygenation on the paramagnetic properties of haemoglobin (70). Deoxygenated haemoglobin
acts as an endogenous contrast agent with T2/T2* -dependent signal effects. The signal intensity
(SI) changes in OS-CMR images are inversely correlated with the concentration of
deoxygenated haemoglobin. Hence with the relative increase of deoxygenated haemoglobin
there will be a decrease in OS-CMR SI. Although OS-CMR has been used to advance the
understanding of myocardial ischemia and a number of LV myocardial (107-110) and coronary
artery disease states (79, 105, 111), the utility in the RV has not yet been determined.
Additionally, the need for other markers of early recognition and diagnosis of PAH is
paramount, particularly for individuals at higher risk for development of RV failure. It is
possible that the novel imaging technique of RV targeted OS-CMR may provide an earlier
diagnosis of RV abnormality in these patients. However, before the utility of these techniques
can be implemented as a screening tool for RV ischemia and/or dysfunction, the feasibility of
this technique must first be established. The aim of the present work therefore was to examine
the feasibility of RV targeted OS-CMR to detect ischemia in a population with known PAH.
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Methods
3.2.1 Ethics
This study was approved by the Southern Adelaide Clinical Human Research Ethics
Committee (HREC/15/SAC/397). All participants provided written informed consent to
participate in the study.

3.2.2 Participant Selection
Patients undergoing treatment in the PAH clinics at two South Australian hospitals were invited
to participate in this study. Patients were considered for inclusion if they had right heart
catheter proven PAH and resting echocardiographic mean PA pressure between 25-50mmHg
(as measured by the peak pulmonary regurgitant signal on echocardiography and added to
estimated right atrial pressure) and/or systolic PA pressure between 40-90mmHg (as measured
by the peak tricuspid regurgitant velocity gradient on echocardiography and added to estimated
right atrial pressure). Exclusion criteria included severe RV dysfunction on echocardiography,
diagnosis of significant left heart cardiomyopathy and/or coronary artery disease (defined as
>70% luminal stenosis in an epicardial coronary artery at angiography or prior myocardial
infarction) as well as contraindications to CMR and/or adenosine (second or third degree heart
block, obstructive pulmonary disease or dipyridamole use). Nine healthy volunteers also
underwent the same imaging procedures to act as a control group. The healthy volunteers had
no known cardiac disease or symptoms and were free of any cardiac risk factors, including
hypertension, smoking or diabetes.
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3.2.3 Participant preparation
As per section 2.1.2

3.2.4 CMR protocol
The CMR protocol was performed as outlined in sections 2.2.1, 2.2.2 and 2.2.3. To optimise
the OS-CMR for the RV, a frequency with the fewest banding artefacts and best homogeneity
was selected and applied to the OS sequence. In addition, the volume, size and shape of the
shim was set to tightly cover the heart in the mid short axis slice, with the thickness reduced to
shim the slice area only. This enables further reduction of both banding frequency artefact and
susceptibility artefacts.

3.2.5 CMR analysis
The CMR analysis was performed as outlined in sections 2.3.1 and 2.3.2. All OS-CMR analysis
was undertaken by experienced (SCMR Level 3) observers blinded to the clinical information
of the participant. To evaluate inter-reproducibility, the OS-CMR images were independently
assess by 2 experienced (SCMR Level 3) observers. To evaluate intra-observer reproducibility,
one observer measured OS-CMR SI twice on 2 separate days with a washout period of at least
2 weeks.
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3.2.6 Statistical analysis

Baseline and follow up data will be summarised using appropriate descriptive statistics and
graphical representations. Discrete variables are summarised using the frequencies and
percentages, whereas continuous variables will be presented by mean, standard deviation,
median, Q1, Q3 as appropriate. Percentages will be calculated according to the number of
patients for whom the data are available. These data will be presented for all patients and pvalue reported for the difference between the groups using the appropriate statistical tests for
categorical or continuous variables. Statistical tests were two-tailed and p < 0.05 was
considered statistically significant. Reproducibility of OS-CMR SI measurements was assessed
by using the coefficient variability method. Associations between the test parameters were
assessed using the Pearson r correlation coefficient.
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Results
3.3.1 Participant characteristics
The baseline characteristics of both groups are detailed in Table 3.1. Both groups were well
matched for age and gender, but the control group had a lower body mass index (BMI,
27.0kg/m2 vs 30.9kg/m2, p = 0.004). Amongst the PAH patients, 11 (55%) had idiopathic
pulmonary hypertension (iPAH), 6 (30%) patients had systemic sclerosis (SSc)-associated
PAH and 3 (15%) patients had chronic thromboembolic PAH (CTEPH). All patients had right
heart catheter proven diagnosis of PAH with a mean pulmonary artery pressure of 35 (30 – 41)
mmHg and mean pulmonary capillary wedge pressure of 12 (10 – 14) mmHg. The 6 minute
walk data was retrospectively obtained from patient records. Mean 6 minute walk distance was
421 (368 – 474) meters. World Health Organisation functional class was between class II (n =
16, 80%) and III (n = 4, 20%). On echocardiography seven patients (35%) had RV dilatation
but none had systolic RV dysfunction. The PAH patients had an echocardiography-estimated
mean pulmonary artery pressure of 47 (38 – 57) mmHg. All PAH patients were treated with
pulmonary vasodilators such as bosentan, macitentan, sildenafil, riociguat or a combination
macitentan and sildenafil. The PAH patients were stable on treatment and continued their
pulmonary vasodilators therapy during the OS-CMR research scan.
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Table 3.1: Patient demographics and baseline clinical data
Variables
Age (years), n (range)
Females sex, n (%)
BMI (kg/m2), n (range)
Comorbidities
• Hypertension, n (%)
• Diabetes, n (%)
• Obstructive Sleep Apnoea, n
(%)
Medication
• Beta-blockers, n (%)
• ACEi/ARB, n (%)
• Endothelin receptor blockers,
n (%)
• PDE5 inhibitor, n (%)
• Soluble guanylate cyclase, n
(%)

PAH (n = 20)
67 (62 – 73)

Control (n = 9)
63 (57 – 70)

p-value
0.293

15 (75%)

4 (44%)

0.117

30.9 (28.7 – 33.0)

27.0 (25.6 – 28.4)

0.004

6 (30%)
3 (15%)
6 (30%)

0
0
0

4 (20%)
3 (15%)
16 (80%)

0
0
0

11 (55%)
1 (10%)

0
0

BMI – Body Mass Index, ACEi = angiotensin-converting enzyme inhibitors, ARB =
angiotensin II receptor blockers, PDE5 = phosphodiesterase type 5 inhibitor
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3.3.2 CMR Characteristics
Table 3.2 shows a comparison of CMR variables between PAH patients and controls. The only
statistically significant difference in CMR volumetric and functional indices between PAH and
controls were the RV mass index (20  12 vs 14  9g/m2, p = 0.014) and RV inferior wall
thickness (5  1 vs 4  1mm, p = 0.019). The RV inferior wall thickness was measured on the
short axis cine slice location similar to the mid ventricular slice location chosen for the OS
imaging.
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Table 3.2: CMR Ventricular Function
Variables

PAH (n = 20),
mean  SD
66  10

Control (n = 9),
mean  SD
69  7

p-value

CMR LV EDVi (ml/m2)

62  24

66  11

0.505

CMR LV ESVi (ml/m2 )

21  11

19  4

0.496

CMR LV ED Mass Index (g/m2)

48  18

51  10

0.593

CMR LV SV Index (ml/m2)

40  16

47  8

0.167

CMR RVEF (%)

58  11

64  9

0.165

CMR RV EDVi (ml/m2)

66  23

65  14

0.846

CMR RV ESVi (ml/m2)

28  17

24  9

0.321

CMR RV SV Index (ml/m2)

38  12

41  10

0.412

CMR RV ED Mass Index (g/m2)

20  12

14  9

0.014

RV inferior wall thickness* (mm)

51

41

0.019

CMR LVEF (%)

0.409

* RV inferior wall was measured at the short axis cine slice location similar to the OS-CMR
mid ventricular slice location.
CMR = cardiovascular magnetic resonance, LV = left ventricle, RV = right ventricle, EF =
ejection fraction, EDVi = end-diastolic volume index, ESVi = end-systolic volume index, ED
= end-diastolic, SV = stroke volume
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3.3.3 Right Ventricular Myocardial Oxygenation Response (OS-CMR)
3.3.3.1 Safety and tolerability
All participants tolerated and completed the adenosine induced stress component of the OSCMR. Both the patients and controls had a good hemodynamic stress response, increase in
heart rate (>10 beats/min) and at least one adenosine-related symptom (chest tightness,
shortness of breath, flushing, transient headache or nausea). There was a drop of systolic blood
pressure (>10 mmHg) in 10 patients (50%). All side effects dissipated within a minute of
stopping the adenosine infusion.

3.3.3.2 OS-CMR acquisition and optimization of the RV signal
The feasibility of detecting the RV OS-CMR signal differed according to the RV myocardial
segments. In both PAH and controls, reliable OS signal was only obtained in the inferior RV
myocardial segment. Overall OS-CMR analysis was possible in 89% (396/444) of the RV (OSCMR rest and stress) myocardial segments in the pulmonary hypertension patients and 80%
(189/237) of the RV (OS-CMR rest and stress) myocardial segments in the control group. In
the PAH group, 84% of the RV Ant (124/148) and RV FW (125/148) myocardial segments
were analysed and 99% of RV Inf (147/148) myocardial segments were analysed. In the control
group 73% of the RV Ant (58/79) and 75% of RV FW (59/79) myocardial segments were
analysed with all the RV Inf myocardial segments were analysed. Segments were excluded
from analysis because of thinned myocardium, off-resonance artefacts and image artefacts
(Figure 3.1). We had attempted to reduce the limitation of thinned RV myocardium by
reviewing all the short axis (SA) cine acquisitions and selecting the best mid ventricle SA cine
slice with the maximal RV myocardial thickness. The OS sequence was then applied to this
mid ventricle SA slice location.
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Figure 3.1 – OS-CMR images in patients with pulmonary hypertension demonstrating
poor image quality and segmental (RV Ant and RV FW) exclusions. Myocardial segments
are excluded (arrow) from analysis primarily due to thin myocardium (A), off-resonance
artefacts (B) and image artefacts (C).

59

To limit the effects of off-resonance artefacts, a frequency shift scout series was applied to the
selected mid ventricle SA cine slice location. A frequency range between -150Hz to 150Hz
was acquired and reviewed to select the optimal frequency. The delta frequency of the OSCMR sequence was adjusted according to the optimal frequency chosen from the frequency
shift scout. Image artefacts of the RV myocardium, in particular the RV FW segments were
due to artefacts from air, heart-lung borders, sternal wires. This was overcome by modifying
the adjustment volumes to match to selected mid ventricle SA slice location (Figure 4 – green
box). To begin with the thickness of the adjusted volume was modified to focus only on the
selected mid ventricle SA slice thickness (Figure 3.2A). Then the area of the adjustment
volume was reduced inplane to the myocardium and to exclude unwanted air and sternal wires
(Figure 3.2B). No adjustments were made to the matrix, field of view or slice thickness between
rest and stress OS-CMR imaging in both groups. All the OS-CMR images were acquired in the
same part of the cardiac cycle. A constant OS-CMR sequence voxel size of 2.02mm x 1.77mm
was maintained in both PAH and controls.

Figure 3.2 – Adjustments volumes made to OS-CMR cardiac shim images to mitigate the
effects of artefacts. Adjusted volume modified to focus on the selected mid ventricle SA
slice thickness (A). Adjustment volume reduced inplane to the myocardium and to
exclude unwanted air and sternal wires (B).
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3.3.3.3 Oxygenation response (OS-CMR signal)
The RV OS SI response in the three RV segments in PAH patients were: RV Ant 10  12%,
RV FW 3  15% and RV Inf 11  9%. In controls, reliable OS SI response was obtained in the
RV Inf segment. The RV Inf OS SI changes between PAH patients and controls was 11  9%
vs 17  5% (p = 0.045). Figure 3.3A further highlights the distribution of OS signal response
in PAH vs control group to stress in the inferior RV segments. There was less variability of the
OS SI between PAH patients and controls. In the RV Inf, the PAH patients have a median OS
SI change of 11% (interquartile range: 5 to 18%) versus control median OS SI change of 17%
(interquartile range: 12 to 21%). The inter-observer coefficient variability was 0.812 and the
intra-observer coefficient variability was 0.945.

3.3.4 LV Myocardial Oxygenation response (OS-CMR)
The global LV ΔOS-CMR SI change was significantly lower in the PAH group compared to
the controls (11.1  7.3% vs 21.1  9.1%, p=0.019) (Figure 3.3B).
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Figure 3.3 – Distribution of OS Signal Response to Stress between PAH and control in
the inferior RV segment (A) and LV (B).
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3.3.5 Relationship between RV Myocardial Oxygenation, LV Myocardial Oxygenation
and CMR volumetric and functional indices
There was a strong correlation between RV OS-CMR SI and LV OS-CMR SI (r = 0.86,
p<0.001) (Figure 3.4A). Furthermore, there was an inverse relation whereby the RV Inf OS SI
change was increasingly blunted with increasing RV wall thickness (r = -0.76, p<0.001) (Figure
3.4B). However, there was no correlation between RV Inf OS SI and CMR RVEF (r = 0.24, p
= 0.346), CMR RV EDVi (p = -0.21, p = 0.377) or RV mass index (r = -0.44, p = 0.079).

63

Figure 3.4 – Correlation between Inf RV OS-CMR SI (%) to global LV OS-CMR SI (%)
and Inf RV wall thickness (mm).
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Discussion
The main finding of this proof of concept study is that the use of OS-CMR with vasodilator
stress is safe and feasible in PAH patients. We found that compared with age-matched healthy
volunteers, OS-CMR shows myocardial deoxygenation most reliably in the inferior RV of
patients with PAH. Furthermore, the RV myocardial deoxygenation correlates with the LV
myocardial deoxygenation in PAH patients. This technique therefore holds promise as a noninvasive tool to assess early RV myocardial ischemia in patients with PAH.

3.4.1 Pathological mechanisms of RV ischemia in PAH
It has long been recognised that an ischaemic insult is the most likely precipitant in the
remodelling and subsequent development of RV dysfunction in PAH (32). This occurs in one
of many forms. 1) Increasing pulmonary vascular and thence RV pressure decreases the
pressure gradient between the aorta and the RV and might thereby reduce myocardial blood
flow in the right ventricular branch of the right coronary artery, which may lead to ischemia
(38, 112). Progressive RV hypertrophy (RVH) without a sufficient compensatory increase in
the myocardial vasculature and flow would likely exacerbate ischemia of the RV (35-37). It
has been demonstrated in the advanced stages of PAH that right coronary perfusion pressure
can drop below 50 mmHg leading to a decline of RV contractile function (33). 2) Microvascular
ischemia may also occur, due to occlusive microvascular damage and impairment in
angiogenesis (known as capillary rarefaction); this has been demonstrated in animal models
and SSc associated PAH (33, 38). There is also decreased expression of genes such as insulin
growth factor 1, VEGF, apelin and angiopoietin-1 in the RV in PAH, which can lead to further
microvascular damage, rendering the myocardial fibres more vulnerable to ischemia (106). 3)
Dysfunctional mitochondrial metabolism has been another pathologically relevant feature of
myocardial ischemia demonstrated in hypertrophied RV of PAH. In animal models of PAH
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with RVH, there is a shift from fatty acid oxidation to glycolysis as a preference of energy
substrates (39). This shift in glycolysis has been demonstrated by increased uptake of
fluorodeoxyglucose on positron emission tomography (PET) in PAH patients with RVH (40).
This metabolic shift to aerobic glycolysis has been associated with decreased cardiac output
and RV contractility (39, 41). The complex interplay between reduced right coronary perfusion
pressure, microvascular ischemia and worsening RV contractility can lead to a decrease in
myocardial oxygenation. Even in the absence of epicardial coronary artery disease, these
mechanisms could form a vicious cycle leading to progressive RV dysfunction, resulting in RV
hibernation (113).

3.4.2 Feasibility of OS-CMR in the RV
The use of OS-CMR has been established as a direct assessment of myocardial oxygenation in
the LV (79). The OS signal intensity changes reflect the changes in haemoglobin oxygenation;
hence it can be used to study the state of myocardial oxygenation in the capillary bed. OS-CMR
is a novel non-invasive technique that can provide insights into the balance (or the lack of)
between myocardial oxygen supply and demand. As it is a direct measure of oxygenation
changes within the myocardium, it has been utilized to demonstrate ischemia in diseases in the
absence of significant epicardial coronary artery disease (79). The OS-CMR technique has
increased understanding of in-vivo myocardial oxygenation in epicardial coronary artery
disease and cardiomyopathies involving the LV; however, its utility in the assessment of
myocardial ischemia of RV has not yet been examined.

Our study has demonstrated that OS-CMR of the RV with stress induced via pharmacological
adenosine infusion is a safe and feasible technique in patients with PAH. Nevertheless, in some
patients the RV Ant and RV FW segments had to be excluded from analysis due to thin
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myocardium (causing partial volume effects), off-resonance artefacts and image artefacts.
Whilst every effort was taken to limit these effects, there are a known limitation of the OSCMR technique. Other OS-CMR studies involving the LV have excluded segments with
thinned myocardium and artefacts (from partial volumes) as it affects the accuracy of OS-CMR
SI (114). In our study the measured Inf RV wall thickness and consistent voxel-size during OSCMR imaging provided sufficient coverage to avert partial volume effects. Off-resonance
artefacts seen in OS-CMR by nature arise from the inhomogeneities of using a higher magnetic
field (74). However the advantages of using a higher field strength are improved ability to
detect OS-CMR SI changes, increased contrast to noise ratio and signal to noise ratio (74).
Despite these limitations, the feasibility of OS-CMR in the RV offers a potentially novel noninvasive, contrast and tracer independent technique that may offer new insights to myocardial
oxygenation in the RV. Furthermore the OS SI in the RV has a good correlation with the LV,
an area of the myocardium in which the OS-CMR technique has been extensively validated
and studied (71, 79). Coincidentally we have demonstrated LV myocardial deoxygenation in
PAH patients. While the focus of this study has been the feasibility of OS-CMR of the RV, the
presence of LV deoxygenation in PAH needs further study. In summary, establishing a means
of studying the in-vivo state of myocardial oxygenation of the RV in PAH patients may help
in the pathophysiological understanding of RV dysfunction in this high risk group.
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3.4.3 Study Limitations
This study has a small sample size which may increase the margin of error. Further, larger
studies would help further optimize as well as determine the clinical utility of OS-CMR of the
RV in PAH and its association with clinical outcomes. Additionally, there was incomplete
coverage of the full RV myocardium due to the CMR acquisition being performed on a single
mid-ventricular slice however this is unlikely to be of major relevance in RV assessment of
PAH which is a global process. Indeed, the mid RV wall is the most vulnerable to ischemia
anatomically because of its precarious blood supply. The presence of thin myocardium, offresonance artefacts and image artefacts led to poor image quality and segment exclusion.
However, the feasibility and safety of pharmacological induced OS-CMR of the RV should
provide novel insights into the mechanisms of RV dysfunction in PAH patients. Moreover, a
novel marker of early or impending RV failure might become a clinically useful guide for
therapy augmentation. These findings should be considered as hypothesis-generating for future
studies.
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Conclusion
This is the first study to show that pharmacological induced OS-CMR is a feasible and safe
technique to identify and study myocardial oxygenation in the RV of PAH patients. With a
larger study this technique has potential implications in the understanding of myocardial
ischemia of the RV in patients with PAH, or other pathologic conditions affecting the RV
myocardium.
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Chapter 4 : Right ventricular myocardial deoxygenation in patients with
Pulmonary Artery Hypertension

Now that the feasibility of oxygen-sensitive cardiovascular magnetic resonance has been
established it needs to be determined if it correlates with functional and haemodynamic indices
of pulmonary hypertension. This chapter describes the prevalence of RV myocardial ischaemia
and its relationship with changes in the myocardial interstitium and correlation with functional
and haemodynamic indices of patients with known PAH.
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Introduction
Pulmonary arterial hypertension (PAH) is a progressive disorder that affects both the
pulmonary vasculature and the heart (1). It is a rare but serious disease, affecting up to 50 per
million population (6). Although the initial insult in PAH involves the pulmonary vasculature,
prognosis of patients with PAH is most dependent on right ventricular (RV) size and function
(12). While there are several putative causes, RV ischemia is thought to be a significant driver
(32). The increasing pulmonary pressure decreases the pressure gradient between the aorta and
the RV thereby reducing myocardial blood flow in the right coronary artery which, leads to
myocardial ischemia (33, 34). In addition, the RV adapts to the increased afterload by
increasing wall thickness and contractility. However, RV hypertrophy without a corresponding
increase in the cross-sectional area of the right coronary artery can exacerbate ischemia of the
RV (37). RV adaptive changes due to the elevated pulmonary pressures affects the integrity of
the collagen network of the cardiomyocyte and interstitium leading to RV fibrosis (31).
Whether the adaptive changes in the myocardial interstitium has any causal relationship to
myocardial ischaemia in PAH patients remains unknown.

Oxygen-sensitive (OS) cardiovascular magnetic resonance (OS-CMR), also known as blood
oxygen level dependent (BOLD) cardiovascular magnetic resonance (CMR) enables the invivo assessment myocardial oxygenation at the tissue level (79, 105, 107, 108, 111). OS-CMR
utilises the natural paramagnetic properties of haemoglobin (70). Following vasodilator stress,
the alterations to the deoxygenated haemoglobin concentration act as an endogenous contrast
agent leading to signal intensity (SI) changes in OS-CMR sequence. CMR T1 mapping can be
used to characterise changes in the interstitial myocardium of the left ventricle (115). T1
mapping quantifies the T1 relaxation time of each voxel of an image being quantified. Different
tissues each have distinctive T1 relaxation times and this can vary with a change in tissue
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composition. CMR T1 mapping has been used for inflammation/oedema imaging and serves
as a surrogate for diffuse interstitial fibrosis in the absence of an alternative cause of interstitial
expansion (oedema, infiltrations/fibre disarray) (116). Previous studies have demonstrated
higher T1 values in the RV of patients with PAH (117), however to our knowledge no study
has looked at the relationship between interstitial myocardial changes in PAH and myocardial
ischaemia. Furthermore, in a recent small proof of concept study, we have demonstrated the
feasibility of OS-CMR technique in detecting myocardial oxygenation abnormalities in the RV
of 20 patients with PAH (118). However, the sample size was too small to look at the
relationship between myocardial oxygenation and functional or haemodynamic indices. Hence
the aim of the present study was to assess the prevalence of RV myocardial ischaemia and its
relationship with changes in the myocardial interstitium of patients with known PAH and with
non-obstructive coronaries using OS-CMR and T1 mapping.
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Methods
4.3.1 Ethics
This study was approved by the Southern Adelaide Clinical Human Research Ethics
Committee (HREC/15/SAC/397). All participants provided written informed consent to
participate in the study.

4.3.2 Participant Selection
As per 3.2.2. Inclusion criteria included right heart catheter (RHC) proven PAH (defined as
pulmonary capillary wedge pressure (PCWP) ≤15mmHg, and mean pulmonary artery pressure
(mPAP) ≥25mmHg). Exclusion criteria included severe RV dysfunction on echocardiography
(determined by tricuspid annular plane systolic excursion <1.7), echocardiographic LV ejection
fraction <50% and/or coronary artery disease (defined as >70% luminal stenosis in an
epicardial coronary artery at angiography or prior myocardial infarction) as well as
contraindications to CMR and/or adenosine (second or third degree heart block, obstructive
pulmonary disease or dipyridamole use). Eleven healthy volunteers also underwent the same
imaging procedures to act as a control group. The healthy volunteers had no known
cardiac/respiratory disease or symptoms and were free of any cardiac risk factors, including
hypertension, smoking and diabetes.

4.3.3 Participant preparation
As per section 2.1.2.

4.3.4 CMR protocol
The CMR protocol was performed as outlined in sections 2.2.1, 2.2.2, 2.2.3 and 2.2.4.
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4.3.5 CMR analysis
The CMR analysis was performed as outlined in sections 2.3.1, 2.3.2 and 2.3.3.

4.3.6 Statistical analysis
All analyses were performed using the Stata statistical software version 15.1 (StataCorp.,
USA). Categorical data are described using frequencies and percentages and continuous data
using median and range. Differences between groups in the mean change in myocardial
oxygenation response and native T1-values were assessed using Mann-Whitney test. Changes
in these same outcomes within patient groups were assessed using the Sign-rank test.
Reproducibility of measurements for inter and intra-observers was assessed by using the
coefficient of variation and by assessing the absolute and proportional bias. Absolute bias was
assessed using a t-test of the differences in the 2 measures versus zero and proportional bias by
regressing the differences in the 2 measures on the mean for the 2 measurements. Associations
between test parameters were assessed using the Spearman’s rho (ρ) correlation coefficient. A
2-sided Type 1 error rate of alpha=0.05 was used for assessing statistical significance.
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Results
4.4.1 Participant Characteristics
The subject characteristics are summarised in Table 4.1. Both PAH and control groups were
well matched for age and gender. The aetiology within PAH were idiopathic pulmonary artery
hypertension (iPAH) (n = 20, 48%), systemic sclerosis associated PAH (SScPAH) (n = 17,
40%) and chronic thromboembolic PAH (CTEPH) (n = 5, 12%). All patients had RHC and
coronary angiogram proven diagnosis of PAH with a median (range) mPAP of 33 (16 – 67)
mmHg and PCWP of 12 (4 – 15) mmHg. Median duration between RHC with coronary
angiogram and CMR research study was 17 months. The median 6 minute walk distance in the
patient group was 384 (100 – 600) meters. World Health Organisation functional class was
between class II (n = 27, 64%) and III (n = 15, 36%). The PAH patients had an
echocardiography-estimated resting systolic pulmonary artery pressure of 41 (27 – 128)
mmHg. Furthermore, on echocardiography 8 patients (19%) had mild RV dilatation and 5
patients (12%) had moderate RV dilation. All PAH patients were receiving treatment with
pulmonary vasodilators such as Bosentan, Macitentan, Sildenafil, Riociguat or a combination
of Macitentan and Sildenafil. At recruitment the PAH patients were stable, and the pulmonary
vasodilators therapy was not ceased prior to the CMR research scan.
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Table 4.1: Patient demographics and baseline clinical data
Variables
Age (years), median (range)

PAH (n = 42)
71 (63 – 79)

Control (n = 11)
66 (60 – 69)

p-value
0.123

27 (68%)

4 (36%)

0.061

22 (52%)
7 (17%)
13 (31%)
10 (24%)

0
0
0
0

11 (26%)

0

8 (19%)

0

33 (16 – 57)

0

12 (4 – 15)

0

12 (2 – 18)

0

3 (2 – 4)

0

7 (3 – 28)

0

6 (14%)
10 (24%)
12 (29%)
8 (19%)
13 (31%)
34 (81%)

0
0
0
0
0
0

18 (43%)
3 (7%)

0
0

14 (33%)

0

Females sex, n (%)
Comorbidities
• Hypertension, n (%)
• Diabetes, n (%)
• Dyslipidaemia
• Chronic Obstructive Airways
Disease, n (%)
• Obstructive Sleep Apnoea, n
(%)
• Atrial Fibrillation, n (%)
Right heart catheter haemodynamic
indices
• Mean pulmonary artery
pressures (mmHg), median
(range)
• Pulmonary artery wedge
pressure (mmHg) ), median
(range)
• Mean right atrial pressures
(mmHg) ), median (range)
• Cardiac index (L/min/m2) ),
median (range)
• Pulmonary vascular
resistance index (Woods unit
m2) ), median (range)
Medication
• Aspirin, n (%)
• Beta-blockers, n (%)
• ACEi/ARB, n (%)
• Statins, n (%)
• Calcium channel blockers
• Endothelin receptor blockers,
n (%)
• PDE5 inhibitor, n (%)
• Soluble guanylate cyclase, n
(%)
• *Combination therapy, n (%)

* Combination therapy of a dual therapy compromising of either endothelin receptor blocker,
PDE5 inhibitor or soluble guanylate cyclase
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ACEi = angiotensin-converting enzyme inhibitors, ARB = angiotensin II receptor blockers,
PDE5 = phosphodiesterase type 5 inhibitor
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4.4.2 CMR characteristics
Table 4.2 shows a comparison of CMR variables between PAH patients and controls. The only
statistically significant difference in CMR volumetric and functional indices between PAH and
controls were the RV mass index (17 (9 – 42) vs 13 (9 – 19)g/m2, p=0.001), RV Mass/Volume
ratio (0.30 (0.22 – 0.49) vs 0.22 (0.15 – 0.25), p<0.001) and inferior RV wall thickness (4 (3 –
9) vs 3 (2 – 5)mm, p=0.002). Table 4.3 demonstrates the CMR variables between the iPAH
and SSc-PAH subgroups. The inferior RV wall thickness was measured on the short axis cine
slice location similar to the mid ventricular slice location chosen for the OS imaging.
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Table 4.2 : CMR Ventricular Function
Variables

PAH (n = 42)

Control (n = 11)

p-value

LVEF (%), median (range)

70 (46 – 86)

69 (51 – 75)

0.875

LV EDVi (ml/m2), median (range)

70 (44 – 112)

65 (45 – 81)

0.302

LV ESVi (ml/m2 ), median (range)

21 (7 – 52)

20 (13 – 28)

0.645

LV ED Mass Index (g/m2), median
(range)

51 (36 – 72)

48 (39 – 68)

0.280

LV SV Index (ml/m2), median
(range)

46 (32 – 71)

45 (29 – 58)

0.428

RVEF (%), median (range)

61 (45 – 79)

63 (50 – 79)

0.304

RV EDVi (ml/m2), median (range)

60 (30 – 111)

60 (47 – 89)

0.972

RV ESVi (ml/m2), median (range)

22 (12 – 61)

22 (10 – 41)

0.823

RV SV Index (ml/m2), median
(range)

37 (15 – 60)

38 (27 – 54)

0.595

RV ED Mass Index (g/m2), median
(range)

17 (9 – 42)

13 (9 – 19)

0.001

0.30 (0.22 – 0.49)

0.22 (0.15 – 0.25)

<0.001

4 (3 – 9)

3 (2 – 5)

0.002

RV (ED) Mass/Volume ratio, median
(range)
RV inferior wall thickness (mm),
median (range)

CMR = cardiovascular magnetic resonance, LV = left ventricle, RV = right ventricle, EF =
ejection fraction, EDVi = end-diastolic volume index, ESVi = end-systolic volume index, ED
= end-diastolic, SV = stroke volume
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Table 4.3 : CMR Ventricular Function between iPAH and SSc-PAH subgroups
Variables

iPAH (n = 20)

SSc-PAH (n = 17)

p-value

LVEF (%), median (range)

70 (46 – 86)

70 (54 – 81)

0.715

LV EDVi (ml/m2), median (range)

71 (44 – 94)

70 (54 – 112)

0.408

LV ESVi (ml/m2 ), median (range)

19 (7 – 44)

23 (10 – 52)

0.805

LV ED Mass Index (g/m2), median
(range)

52 (36 – 72)

51 (44 – 68)

0.858

LV SV Index (ml/m2), median
(range)

45 (34 – 58)

49 (32 – 71)

0.080

RVEF (%),median (range)

58 (49 – 79)

63 (45 – 73)

0.518

RV EDVi (ml/m2), median (range)

59 (30 – 102)

60 (42 – 111)

0.502

RV ESVi (ml/m2), median (range)

22 (13 – 49)

20 (12 – 61)

0.939

RV SV Index (ml/m2), median
(range)

34 (15 – 60)

39 (27 – 54)

0.394

RV ED Mass Index (g/m2), median
(range)

17 (9 – 27)

17 (14 – 42)

0.860

0.30 (0.22 – 0.49)

0.29 (0.23 – 0.41)

0.758

4 (3 – 7)

4 (3 – 8)

0.262

RV (ED) Mass/Volume ratio, median
(range)
RV inferior wall thickness (mm),
median (range)

CMR = cardiovascular magnetic resonance, LV = left ventricle, RV = right ventricle, EF =
ejection fraction, EDVi = end-diastolic volume index, ESVi = end-systolic volume index, ED
= end-diastolic, SV = stroke volume
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4.4.3 Myocardial Oxygenation Response (OS-CMR) in PAH patients
Of the total 42 PAH patients recruited, 40 (95%) patients and all the healthy controls completed
the OS-CMR study protocol. The mean RV ΔOS-CMR SI change in the inferior RV segments
was significantly lower in PAH group compared to the controls (9.5 (-7.4 – 42.8) vs 12.5 (9 –
24.6)%, p=0.02) (Figure 4.1A). The global LV ΔOS-CMR SI change was also significantly
lower in PAH group compared to the controls (11.0 (-2.7 – 33.2) vs 21.0 (2.5 – 35.7)%,
p=0.004) (Figure 4.1B). The ΔOS-CMR SI in the inferior RV wall of PAH patients was
comparable to both the LV septal wall (9.5 (-7.4 – 42.8) vs 11.3 (-2.8 – 36.5)%, p=0.32) and
LV lateral wall (9.5 (-7.4 – 42.8) vs 11.5 (-9.2 – 31.8)%, p=0.57) of PAH patients.
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Figure 4.1: Distribution of inferior RV ΔOS-CMR SI, global LV ΔOS-CMR SI and
inferior RV T1-mapping for PAH and control group.
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4.4.4 Right Ventricular Native T1-values in PAH patients
Good quality and analysable RV T1 maps were obtained from 71% (30/42) PAH patients and
73% (8/11) of controls. Reasons for excluding T1 maps were image artefacts and partial
volume effects. Compared to controls, patients with PAH had higher native ShMOLLI T1
values in the inferior RV wall: 1303 (1107 – 1612) vs 1232 (1159 – 1288)ms, p=0.049 (Figure
3C). The LV T1-values for the control were within previously published ranges: 1151 (1106 –
1227)ms (96). In PAH patients, the native ShMOLLI T1 values in the inferior RV wall was
comparable to both the LV septal (1303 (1107 – 1612) vs 1332 (1169 – 1492)ms, p=0.71) and
LV lateral wall (1303 (1107 – 1612) vs 1301 (1102 – 1500)ms, p=0.85) of PAH patients. The
inter-observer absolute bias was 2.0, 95% confidence interval (CI) (-4.95, 8.95), p=0.53 and
the relative bias was -0.05, 95% CI (-0.19, 0.84), p=0.41. The intra-observer absolute bias was
9.1, 95% confidence interval (CI) (-39.12, 57.32), p=0.68 and the relative bias was 0.48, 95%
CI (-0.28, 1.23), p=0.18.

4.4.5 Comparing RV myocardial oxygenation and RV T1 values between iPAH and
SScPAH
The RV OS-CMR SI between the iPAH (n = 20) and SScPAH (n = 17) patients was 9.4 (-5.1
– 23.6) vs 9.0 (-7.4- 42.8)%, p=0.88 (Figure 4.2A). The ShMOLLI T1 values in inferior RV
wall between the iPAH (n = 14) and SScPAH (n = 14) patients were significantly different:
1242 (1107 – 1612) vs 1386 (1219 – 1552)ms, p=0.007 (Figure 4.2B). Among the 5 CTEPH
patients, 2/5 (40%) did not complete the OS-CMR protocol and 3/5 (60%) had poor quality RV
T1-maps, hence no comparison was made in this group.

83

Figure 4.2: Distribution of inferior RV ΔOS-CMR SI and RV T1-mapping for iPAH and
SSc-PAH.
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4.4.6 Correlations between RV myocardial oxygenation, RV T1 values, CMR RV
volumetric/functional and RHC haemodynamic indices
There was a moderate-good correlation between the inferior RV OS-CMR SI and the global
LV ΔOS-CMR SI (r=0.7, p<0.001) (Figure 4.3A). Compared with the CMR
volumetric/functional and haemodynamic indices, the inferior RV OS-CMR SI had a
moderate-good inverse correlation to RV inferior wall thickness (r=-0.7, p<0.001) (Figure
4.3B) and moderate inverse correlation to RHC mPAP (r=-0.4, p=0.02) (Figure 4.3C). This
suggests that increased RV hypertrophy is associated with increased myocardial
deoxygenation. However, compared to ShMOLLI T1 values, there was no correlation between
RV OS-CMR SI and RV ShMOLLI T1 values (r=0.02, p=0.91) (Figure 4.3D). Furthermore,
no correlation between RV OS-CMR SI and RV ShMOLLI T1 values was demonstrated in
iPAH and SScPAH subgroups. RV ShMOLLI T1 had a moderate inverse correlation to RV
Mass/Volume ratio (r=-0.41, p=0.036). However, there was no other significant correlation
between RV ShMOLLI T1 values and CMR volumetric/functional or haemodynamic indices.
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Figure 4.3: Correlation between inferior RV ΔOS-CMR SI to global LV ΔOS-CMR SI,
CMR volumetric/ functional indices, hemodynamic indices and inferior RV T1-mapping.
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Discussion
The principal finding from this study is that myocardial oxygenation response to adenosine
stress is blunted in patients with PAH compared to healthy controls. The blunted oxygenation
response was demonstrated in PAH patients who were stable on pulmonary vasodilator therapy
and at an adaptive stage of PAH with non-obstructive epicardial coronaries, and was correlated
inversely with RV wall thickness and RHC mPAP. Although we had demonstrated changes to
the myocardial interstitium, no clear interaction with myocardial oxygenation was noted. These
findings highlight the potential contribution of myocardial ischemia to the pathophysiology of
RV dysfunction in PAH, and could subsequently lead to new potential treatment targets, in
such patients.

4.5.1 Right ventricular myocardial deoxygenation in PAH
In PAH, RV myocardial ischemia is acknowledged to be a significant contributor to adverse
remodelling and progressive RV dysfunction (32). Reduced right coronary perfusion pressure
(49) and microvascular ischemia leads to progressive RV dysfunction causing RV failure and
death. Abnormal pressure gradient between the aorta and the RV due to escalating pulmonary
vascular resistance, reduces myocardial blood flow in the right ventricular branch of the right
coronary artery causing ischemia (37, 119). RV myocardial ischemia is further exacerbated by
inadequate compensatory increase in the myocardial vasculature owing to progressive RV
hypertrophy (RVH) (35-37). Occlusive microvascular damage and impairment in angiogenesis
(known as capillary rarefaction) has been demonstrated in animal models and SScPAH, is
thought to cause microvascular ischemia (33, 38). Furthermore, a recent study by Meloche et
al. proposes common pathobiology mechanisms between PAH pulmonary vasculature and
coronary arteries (52). These pathobiology mechanisms trigger coronary vascular remodeling
in both the LV and RV leading to microvascular ischemia.
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In this study, we have demonstrated a blunted myocardial oxygenation response to vasodilator
stress in the inferior RV segment on PAH patients. Specifically our study demonstrates the
presence of in-vivo myocardial deoxygenation in the adaptive stage of PAH. The findings of
in-vivo RV myocardial deoxygenation in PAH are novel because abnormalities in myocardial
blood flow or microvascular dysfunction may not necessarily lead to myocardial
deoxygenation (111). Arnold et al. had demonstrated that in coronary artery disease, 50% of
hypoperfused segments on quantitative myocardial perfusion demonstrate no evidence of
deoxygenation (111). Furthermore in dilated cardiomyopathy, Dass et al. had demonstrated
disassociation between microvascular dysfunction and oxygenation (120). Although we had
not performed any direct comparison between myocardial blood flow and myocardial
oxygenation, these findings provide further mechanistic insight into pathophysiology of
myocardial ischemia in the RV in PAH.

The OS-CMR SI changes in the RV had good correlation with global OS-CMR SI changes
seen in the LV, an area of myocardium in which there is good validation with the OS-CMR
technique. In our study, the OS-CMR technique has demonstrated significant changes in the
inferior RV segment. Thinned myocardium (causing partial volume effects), off-resonance
artefacts and image artefacts are known limitations of the OS-CMR technique in the RV (118).
However, these limitations have previously been known to affect the accuracy of OS-CMR SI
in LV myocardium (114). Consistent voxel-size was applied during OS-CMR imaging, hence
the measured inferior RV wall thickness provided sufficient coverage to avert partial volume
effects. Additionally, it has been shown that the inferior RV segment has the greatest enddiastolic wall thickness once the afterload, serum biomarkers and RV structural adaptation in
pre- and post-capillary pulmonary hypertension have been taken into consideration (121).
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Furthermore, our study has demonstrated a moderate inverse correlation between RV OS-CMR
SI and mPAP. The moderate correlation highlights that there are other pathophysiological
factors (such as microvascular ischemia) that affect the RV besides elevated mPAP. Patients
with microvascular ischemia often present with typical effort-induced angina, but also with
atypical symptoms such as dyspnea on exertion (122). Exertional limitation is the dominant
symptom in PAH, however it is contributed by many factors such as respiratory
mechanics/ventilation, cardiovascular response and psychological/emotional aspects (123).
Even though RHC resting hemodynamic measures such as mPAP and cardiac output correlate
with severity of symptoms, there are considerable inter-individual variability that is not
explained by RHC hemodynamic severity (124). The findings of myocardial deoxygenation
provide further mechanistic insights into the pathophysiology of myocardial ischaemia in PAH
population.

4.5.2 Native T1-values in the right ventricle
In PAH, the RV adaptation extends to the cardiomyocytes and interstitium altering the cardiac
structure and function (31). Although the initial adaptive changes of myocardial collagen
accumulation serve as a favorable response helping the RV withstand higher pressures, over
time maladaptive alteration ensues leading to fibrosis and progressive RV dysfunction (22).
Native CMR T1 parametric mapping has been used as a surrogate for diffuse interstitial fibrosis
in the absence of an alternative cause of interstitial expansion (oedema, infiltrations/fibre
disarray) (116). Previous studies of RV T1 mapping in PAH using Modified Look-Locker
Inversion recovery (MOLLI) sequence has produced varying results (68, 69, 117). One possible
explanation is that each of these studies have adapted an altered version of the MOLLI
sequence thus producing differing results. Utilising the ShMOLLI sequence, our study
demonstrated increased native T1-values in the inferior RV wall compared to controls. The
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native T1-values in the inferior RV wall were comparable to the LV septum and LV free wall
in PAH patients, similar to the findings previously demonstrated by Spruijt et al (69).
Unexpectedly in our study, we found that the RV native T1-values did not correlate with
inferior RV OS-CMR SI changes. This is pertinent in PAH as the pressure overload leads to
disruption of the healthy extracellular matrix in the RV due to the excess collagen formation
and myocardial interstitial fibrosis. Changes in RV extracellular matrix could potentially
disrupt the coronary microvasculature and hence myocardial oxygen supply. However, the lack
of association between RV T1-values and RV OS-CMR SI in our study suggests that the
changes in RV extracellular matrix does not directly impact myocardial oxygenation.

Interestingly our study is the first to have demonstrated a significant difference in the native
T1-values between the iPAH and SScPAH. We have used the ShMOLLI sequence in contrast
to other studies that have used the MOLLI sequence (69, 117, 125). The ShMOLLI sequence
is heart rate independent (90) and as such is able to estimate long T1s which is important for
assessing oedematous tissue (126). Previous ShMOLLI T1 mapping studies of the LV in
systemic sclerosis patients suggested the presence of interstitial fibrosis and low-grade
inflammation (127). Therefore, the higher T1-value SScPAH seen in our study could signify a
combination of diffuse interstitial fibrosis and myocardial inflammation, a theory that fits with
the pathophysiology of systemic sclerosis.
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4.5.3 Study Limitations
Our study only performed a single mid-ventricular slice on OS-CMR imaging rather than the
entire ventricle hence there was incomplete coverage of the full RV myocardium. This is
unlikely to be of major relevance in RV assessment of PAH which is a global process. While
our study had demonstrated in-vivo myocardial deoxygenation in the RV of PAH, we had not
performed any direct comparison with myocardial blood flow, an area for future studies. Lategadolinium enhancement or extracellular volume assessment was not performed due to
concerns of patient safety and tolerability during CMR research scan. While OS-CMR
sequence has been studied in many conditions (79), to our knowledge it has not been studied
in PAH. The multiple breath-hold during rest/stress OS-CMR image acquisitions could
potentially be challenging for PAH patients as dyspnoea is a common symptom in this cohort
of patients. The numbers in the control groups were relatively small especially with female
controls, compared to the PAH group. However the control group were age-matched,
minimizing any significant bias. This is important, especially in T1-values whereby age is
known to influence native myocardial T1-values (90). Measuring RV T1 on a curved RV
myocardium can be challenging. RV T1 mapping with ShMOLLI sequence at 8mm slice
thickness can be a potential substrate for partial volume effects affecting T1-values. However,
every effort was taken to ensure the ROI was drawn in the myocardium. Furthermore the
adequate reproducibility and the comparable RV T1-values to the LV T1-values in PAH
patients suggest accurate interpretation of RV T1. Although this study was prospective, the
PAH patients were stable on pulmonary vasodilator therapy, this could have mitigated against
the finding of RV ischemia. A larger study would help to determine the clinical and prognostic
utility of these novel CMR techniques in PAH.

91

Conclusion
Blunted OS-CMR SI suggest the presence of in-vivo microvascular dysfunction in the RV of
PAH patients. Future studies would be essential to determine the utility of OS-CMR of the RV
in predicting progressive RV dysfunction and mortality.
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Chapter 5 : Left Ventricular Ischemia in pre-capillary Pulmonary
Hypertension: A Cardiovascular Magnetic Resonance Study

This chapter describes the presence and extent of LV myocardial ischemia in patients with
pulmonary hypertension and absent epicardial coronary artery disease.
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Introduction
Pulmonary arterial hypertension (PAH) is a serious and progressive disorder, in which the
prognosis is largely dependent on right ventricular (RV) function (12). Recent studies,
however, have suggested the presence of left ventricular (LV) dysfunction in PAH patients.
Studies from explanted hearts of PAH patients, for example, have demonstrated atrophy and
severe contractility impairment of the LV cardiomyocyte (47). The potential contribution of
left ventricular (LV) ischemia, to progressive LV dysfunction has not been systematically
studied in PAH.

Oxygen-sensitive (OS) cardiovascular magnetic resonance (CMR), also known as blood
oxygen level-dependent (BOLD) CMR imaging, enables the in vivo assessment of myocardial
oxygenation at the tissue level. The utility of this technique is underpinned by the natural
paramagnetic properties of hemoglobin (70). Following vasodilator stress, healthy vessels
dilate sufficiently to increase myocardial oxygenation creating a BOLD- effect, leading to
signal intensity (SI) changes in OS-CMR sequence. In segments subtended by healthy vessels
there is relative reduction deoxyhemoglobin concentration, leading to a rise in SI. Conversely
a mismatch in oxygen supply and demand causes to a relative accumulation of
deoxyhemoglobin which would blunt the SI changes. The OS-CMR sequence has been
validated by direct measurement of myocardial oxygenation in various conditions involving
the left ventricle (LV) (79). In addition to OS-CMR, CMR stress/rest T1 mapping has emerged
as a novel promising technique to distinguish normal, ischemic and infarcted myocardium in
patients with coronary artery disease (CAD) (89). This technique measures changes in T1values between native (rest) T1 mapping and vasodilator induced native (stress) T1 mapping.
CMR T1 mapping is highly sensitive to changes in myocardial water content, including
myocardial blood volume (MBV) (82, 90). Vasodilator stress induction causes coronary

94

vasodilatation which leads to changes to myocardial water (82) and MBV (91, 92); hence
altering T1-values which will enable assessment of microvascular and MBV changes during
ischemia (93). Stress/rest T1 mapping is validated to distinguish between epicardial and
microvascular CAD (94-96, 128).

While epicardial coronary artery disease is the most common cause of myocardial ischemia,
studies have demonstrated that coronary microvascular dysfunction (CMD) leads to reduced
quality of life and carries an adverse long-term prognosis (129, 130). To date, no study has
used these emerging CMR techniques to advance the understanding of myocardial ischemia
and/or oxygenation in the left ventricle of pre-capillary PH patients. This could potentially
provide novel mechanistic insights into the pathophysiology of the complex PH clinical
syndrome and subsequently lead to potential new treatment pathways. Hence, the present study
sought to assess the presence and extent of LV myocardial ischemia in patients with known
pre-capillary PH and absent epicardial coronary artery disease, using OS-CMR and stress/rest
T1 mapping. We present the following article in accordance with the STROBE reporting
checklist.
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Methods
5.2.1 Ethics
This study was approved by the Southern Adelaide Clinical Human Research Ethics
Committee (HREC/15/SAC/397). All participants provided written informed consent to
participate in the study.

5.2.2 Participant Selection
Participant selection was performed as per section 3.2.2. The inclusion criteria were right heart
catheter-proven pre-capillary PH (defined as mean pulmonary artery pressure (mPAP)
≥25mmHg and pulmonary artery wedge pressure (PAWP) <15mmHg). Exclusion criteria
included severe RV dysfunction on echocardiography (determined by tricuspid annular plane
systolic excursion), echocardiographic LV ejection fraction <50% and/or coronary artery
disease (defined as >70% luminal stenosis in an epicardial coronary artery at angiography or
prior myocardial infarction) as well as contraindications to CMR and/or adenosine (second or
third-degree heart block, obstructive pulmonary disease or dipyridamole use). Eight patients
with known CAD (CAD controls) on coronary angiogram were recruited into the study in order
to characterize the OS-CMR and T1 reactivity values in their ischemic myocardial segments
for comparison with the values in the myocardium of patients with PH. The ischemic
myocardial segments in the CAD controls were segments that were subtended with significant
coronary stenosis. Eleven healthy volunteers (normal controls) with no known cardiac or
respiratory disease or symptoms and no cardiac risk factors, including hypertension, smoking
and diabetes, were invited to participate as controls.
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5.2.3 Participant preparation
As per section 2.1.2

5.2.4 CMR protocol
The CMR protocol was performed as outlined in sections 2.2.1, 2.2.2, 2.2.3 and 2.2.4.

5.2.5 CMR analysis
The CMR analysis was performed as outlined in sections 2.3.1, 2.3.2 and 2.3.3.
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5.2.6 Statistical analysis
All analyses were performed using the Stata statistical software version 15.1 (StataCorp.,
USA). Categorical data are described using frequencies and percentages and continuous data
using mean and standard deviation. Differences between groups in mean resting T1, the mean
changes in T1 and the mean changes in myocardial oxygenation response were assessed using
independent t-tests. Group comparisons were made using ANOVA with post-hoc Dunnett’s
test used for multiple group corrections. Changes in these same outcomes within patient groups
were assessed using paired t-tests. The overall association between OS-CMR and T1 reactivity
was assessed using a mixed effects model to account for non-independence of observations due
to multiple measures from different segments. We included a random intercept for the subject
as well as a fixed effect for the segment. Separate associations between OS-CMR and T1
reactivity for each segment were assessed using the Pearson r correlation coefficient. A 2sided Type 1 error rate of alpha=0.05 was used for assessing statistical significance.
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Results
5.3.1 Participant Characteristics
The subject characteristics are summarized in Tables 5.1 and 5.2. Among the PH patients, 11
(39%) had idiopathic pulmonary artery hypertension (iPAH), 13 (46%) patients had systemic
sclerosis-associated PAH (SSc-PAH), and 4 (14%) patients had chronic thromboembolic PH
(CTEPH). Average mPAP was 34  7 mmHg and the average mean PAWP was 12  3 mmHg.
The mean interval between right heart catheter with coronary angiogram and the CMR research
study was 2 years. The mean 6-minute walk distance was 392  114 meters. On
echocardiography, 9 (36%) patients had RV dilatation with an echocardiography-estimated
resting systolic pulmonary artery pressure of 52  25 mmHg. All PH patients were treated with
pulmonary vasodilators such as bosentan, macitentan, sildenafil, riociguat with 14 (50%) on
combination therapy. The PH patients were stable and continued their pulmonary vasodilator
therapy during the CMR research scan.

99

Table 5.1: Patient demographics and baseline clinical data

PH = pulmonary hypertension, CAD = coronary artery disease, SD = standard deviation, ACEi
= angiotensin-converting enzyme inhibitors, ARB = angiotensin II receptor blockers, PDE5 =
phosphodiesterase type 5 inhibitor

* Combination of either endothelin receptor blocker, PDE5 inhibitor or soluble guanylate
cyclase
‡ Chi-square test
§ p-value from one-way ANOVA
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Table 5.2: CMR Ventricular Function
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CMR = cardiovascular magnetic resonance, LV = left ventricle, RV = right ventricle, EF =
ejection fraction, EDVi = end-diastolic volume index, ESVi = end-systolic volume index, ED
= end-diastolic, SV = stroke volume, CI = cardiac index SD = standard deviation
§ p-value from one-way ANOVA
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5.3.2 CMR characteristics
Table 5.2 shows a comparison of CMR variables between PH, CAD and controls. The only
statistically significant difference in CMR volumetric and functional indices between PH, CAD
and controls was the RVEF (p < 0.001) and RV ESVi (p = 0.020).

5.3.3 LV Myocardial Oxygenation Response (OS-CMR)
All 28 patients completed the OS-CMR study protocol. The mean global LV ΔOS-CMR SI
change was significantly lower in the PH group compared to the controls (11.1  6.7% vs 20.5
 10.5%, p=0.016). In contrast, the ΔOS-CMR SI changes in the myocardium of the PH
patients were comparable to the ischemic segments of CAD patients (11.1  6.7% vs 10.3 
6.4%, p=0.773) (Figure 5.1). As there is interventricular ‘septal bowing’ (D shaping) in PH we
also compared the ΔOS-CMR SI in various segments of the LV. We found in PH, the mean
global LV ΔOS-CMR SI was comparable to mean LV septal ΔOS-CMR SI (11.1  6.7% vs
12.3  7.6%, p=0.523) and mean LV free-wall ΔOS-CMR SI (11.1  6.7% vs 10.3  8.2%,
p=0.710). In addition, there was comparable mean ΔOS-CMR SI changes between LV septal
and LV free-wall (12.3  7.6% vs 10.3  8.2%, p=0.352) in the PH group.
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Figure 5.1: Distribution of vasodilator stress response of OS-CMR and T1 Reactivity in
coronary artery disease (CAD), pulmonary hypertension (PH) and control.
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5.3.4 Myocardial Stress/Rest T1 Reactivity
Of the total of 28 PH patients who underwent the Stress/Rest T1 CMR protocol, 23 (82%)
patients had good quality analyzable T1 maps. Stress/Rest T1 maps were excluded due to the
presence of left ventricular outflow tract on the basal T1 map slices at stress in 3 (11%) patients
and the remaining 2 (7%) patients had poor T1 maps due to cardiac or respiratory motion.
Resting T1-values for the control were within previously published ranges: 1153  33 (96).
Compared to controls, patients with PH had higher resting T1-values: 1247  74, p<0.0001.
During vasodilator stress, the T1-values increased significantly in both PH patients (from 1247
 74 to 1311  83, p<0.0001) and controls (from 1153  33 to 1245  38, p<0.0001). However,
the global ΔT1 reactivity was significantly blunted in the PH patients compared to controls (5.2
 4.5% vs 8.0  2.9%, p=0.047). The ischemic segments of CAD patients had comparable
resting T1 value to controls (1197  78 vs 1153  33, p=0.170) and PH patients (1197  78 vs
1247  74, p=0.138). However, the ΔT1 reactivity in the ischemic segments of CAD was 1.1
 4.2% and this is significantly lower when compared to the global ΔT1 reactivity in PH
patients (5.2  4.5%, p=0.036) and controls (8.0  2.9%, p=0.002) (Figure 5.1). In PH, the
global LV ΔT1 reactivity was comparable to mean LV septal ΔT1 reactivity (5.2  4.5% vs 4.4
 3.7%, p=0.537) and mean LV free-wall ΔT1 reactivity (5.2  4.5% vs 5.8  4.9%, p=0.625).
In addition, there was no significant difference between mean ΔT1 reactivity of LV septal and
LV free-wall (4.4  3.7% vs 5.8  4.9%, p=0.267).

5.3.5 Comparing LV myocardial ischemia in iPAH and SSc-PAH
No significantly different changes in global OS-CMR SI or ΔT1 reactivity were seen between
iPAH and SSc-PAH patients. The global LV OS-CMR SI in the iPAH (n=11) and SSc-PAH
(n=13) patients was 9.7  5.1% vs 11.5  7.9%, p=0.516. The global ΔT1 reactivity between
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the iPAH (n=9) and SSc-PAH (n=13) patients was 6.5  5.3% vs 4.3  4.0%, p=0.319. The
CTEPH patients were not compared due to low patient numbers.

5.3.6 Correlations between myocardial oxygenation, ΔT1 reactivity and CMR
volumetric/functional and hemodynamic indices in PH patients.
When the changes in OS-CMR and T1 were averaged, there was a moderate correlation
between global OS-CMR SI and ΔT1 reactivity (r=0.50, p=0.015) (Figure 5.2). However, a
stratified segmental analysis between a mid-ventricular OS-CMR SI and mid-ventricular ΔT1
reactivity showed mostly weak associations with Pearson r correlation coefficients for the 6
segments of 0.46 (p=0.03), 0.50 (p=0.02), 0.54 (p=0.009), 0.31 (p=0.16), 0.28 (p=0.20) and
0.35 (p=0.11) (Figure 5.3). In addition, there was no overall association between midventricular OS-CMR SI and mid-ventricular ΔT1 reactivity when assessed using the mixed
effects model (=-0.05, 95% CI=-0.32, 0.22; p=0.71). These findings imply that while a
blunted global OS-CMR SI and ΔT1 reactivity suggest presence of abnormal myocardial
oxygenation and vasodilatory response, there is poor association between blunted myocardial
deoxygenation and ΔT1 reactivity. Compared to CMR volumetric/functional indices OSCMR SI had moderate correlation to CMR RV EDVi (r=-0.47, p=0.016) and CMR LVEF
(r=0.41, p=0.038). ΔT1 reactivity had strong correlation to CMR RV EDVi (r=-0.73, p<0.001)
and a moderate correlation to CMR LVEF (r=0.48, p=0.023). These findings suggest that
increased CMR RV EDVi and decreased CMR LVEF are associated with blunted OS-CMR
SI and ΔT1 reactivity (Figure 5.4). There was no significant correlation between myocardial
oxygenation and ΔT1 reactivity to RV haemodynamic indices.
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Figure 5.2: Correlation between OS-CMR and T1 Reactivity
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Figure 5.3: Segmental correlation between OS-CMR and T1 Reactivity
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Figure 5.4: Correlation between OS-CMR, T1 Reactivity and CMR volumetric and
functional indices.
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Discussion
In this study, we have demonstrated the presence of blunted myocardial oxygenation and T1
reactivity in the LV of PH patients. These blunted responses to adenosine stress was
demonstrated in PH patients who were stable on pulmonary vasodilator therapy and at an early
‘adaptive’ stage of PH with non-obstructive epicardial coronaries. These data strongly suggest
the presence of coronary microvascular dysfunction (CMD). This provides a novel mechanistic
understanding into the pathophysiology of LV dysfunction in PH, and could subsequently lead
to new potential treatment targets, in such patients.

5.4.1 Coronary microvascular disease of the LV in pre-capillary PH
Several studies have described different pathophysiological causes of LV dysfunction in
patients with PAH (42-46, 131). Changes in RV affect the interventricular interaction by
leftward septal bowing, which leads to impaired LV diastolic filling (42, 43). Other studies
have also demonstrated LV diastolic dysfunction (44, 45) and reduction in LV free wall mass,
in association with RV dysfunction, in PAH (46).

It has been recognized that in PAH, RV myocardial ischemia is a precipitant of adverse
remodeling and progressive RV dysfunction (32). The gradual remodeling of small distal
pulmonary arteries followed by elevated pulmonary vascular resistance, microvascular
ischemia and mitochondrial dysfunction culminates in RV failure and death (32). Although LV
myocardial ischemia has been described in congenital heart and left heart disease associated
post-capillary pulmonary hypertension, there are limited studies in PAH. In SSc-PAH, the LV
myocardial perfusion abnormalities have been attributed to decreased coronary flow reserve
(48) and CMD (49) related to concurrent SSc involvement of the myocardium. Extrinsic
compression of the left main coronary arteries (LMCA) due to a dilated pulmonary artery has
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been elegantly described by Galiè et al. (50). It is increasingly recognized however, that the
microvascular damage seen in the pulmonary vasculature of PAH has links to coronary
vascular disease. A recent study by Meloche et al. demonstrated that the inflammation and
epigenetic readers seen in PAH pulmonary vasculature were also overexpressed in the coronary
arteries. The authors suggested that inflammatory and epigenetic readers may trigger coronary
vascular remodeling in both the LV and RV leading to CMD and CAD (52). We have now
extended these findings by demonstrating that patients with less severe PH, and no obstructive
CAD, have a blunted myocardial oxygenation response and stress/rest T1 response to
adenosine stress. These findings are consistent with the presence of CMD in pre-capillary PH
patients.

5.4.2 Myocardial Oxygenation and T1 Reactivity in response to vasodilator stress
Elevated resting (native) T1-values with a significant rise in stress T1-values on vasodilator
stress in PH has been demonstrated in aortic stenosis (94), chronic kidney disease (96), and
primary cardiomyopathies (132, 133). Native CMR T1 parametric mapping has been used for
inflammation/edema imaging and as a proxy for diffuse interstitial fibrosis in the absence of
an alternative cause of interstitial expansion (edema, infiltrations/fiber disarray) (116). T1
mapping measures the total water content in the tissue and any changes to intravascular MBV
will prolong T1 relaxation time. Vasodilator stress-induced coronary vasodilatation will lead
to changes to MBV which forms the basis of stress/rest T1 mapping. Preliminary studies using
stress/rest T1-mapping and CMR first-pass perfusion imaging in hypertrophic (132) and dilated
(133) cardiomyopathy have demonstrated a correlation between T1 reactivity and myocardial
perfusion. While this is encouraging, more in-depth validation of stress/rest T1 mapping is
required. In our study, patient tolerability limited the use of CMR first-pass perfusion imaging,
however other studies have demonstrated myocardial perfusion abnormalities on CMR first-
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pass perfusion imaging in PAH (119). Furthermore, elevated myocardial T1-values have been
demonstrated in PAH (125), which appears to be consistent with myocardial interstitial space
expansion (134). While PAH associated LV underfilling is thought to be the cause of LV
interstitial changes, the exact mechanism is not completely understood (135, 136). In addition,
there were no differences in the elevated T1-values between iPAH, SSc-PAH or CTEPH (69,
125). Therefore, the observed blunted ΔT1 reactivity in PAH occurs as a result altered
intravascular MBV during stress secondary to coronary vascular remodeling.

Previous studies have shown that myocardial oxygenation and perfusion during vasodilator
stress may be dissociated (111). For example, our group has previously shown that in patients
with known CAD, there was a disassociation between OS-CMR SI and quantitative perfusion
myocardial blood flow with 50% of hypoperfused segments demonstrating no evidence of
deoxygenation (111). In dilated cardiomyopathy, Dass et al. demonstrated a disassociation
between microvascular dysfunction and oxygenation (120). Conversely, oxygen demand may
be increased in the absence of perfusion abnormalities as demonstrated in hypertrophic
cardiomyopathy gene carriers (137) despite the absence of LV hypertrophy (107). In this study,
we have demonstrated a blunted global OS-CMR SI and global ΔT1 reactivity in response to
vasodilator stress suggesting the presence of CMD. Furthermore the OS-CMR SI and ΔT1
reactivity affects the LV globally with comparable findings in the LV septal and free wall
segments. However, on segmental analysis there is poor correlation between myocardial
deoxygenation and changes to intravascular MBV (i.e. ΔT1 reactivity), suggesting that
myocardial oxygenation and perfusion may be dissociated in PH patients also. This interplay
between myocardial deoxygenation and changes in intravascular MBV during stress in precapillary PH has not been previously demonstrated.
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5.4.3 Study Limitations
Our study only performed a single mid-ventricular slice on OS-CMR imaging rather than the
entire ventricle. However, we believe that in PH, the myocardium is affected globally and it is
unlikely to affect the results. The OS-CMR images were acquired in mid-diastole as opposed
to systole. While there are studies that have demonstrated advantages on acquiring OS-CMR
images in systole (74), we have chosen mid-diastole acquisition to keep it consistent with T1
mapping acquisition. Moreover, the mid-diastole OS-CMR acquisition was also consistent with
our and other studies that have demonstrated microvascular dysfunction in the LV (108, 109,
138, 139). This study has a small sample size which could increase the margin of error. A
further larger study would help determine the utility of these novel techniques in PAH and its
association with clinical outcomes. Moreover, compared to the PH group, the numbers in the
CAD and control groups were relatively small. Nonetheless, both CAD and control groups
were age-matched to the PH group, minimizing any significant bias. This is important,
especially in T1-values whereby age is known to influence native myocardial T1-values (90).
While this was a prospective study, we recruited PH patients who were stable on pulmonary
vasodilator therapy which would have mitigated against the finding of LV ischemia. A larger
study would help to determine the clinical and prognostic utility of these novel CMR
techniques in PH.

5.4.4 Clinical implication and future directions
The current study provides insights into the myocardial perfusion and oxygenation
abnormalities in patients with non-severe PH. These findings suggest the presence of CMD,
which has important clinical implications. Patients with CMD may present with typical effortinduced angina, but also with atypical symptoms such as dyspnea on exertion (122). In PAH,
exertional limitation is the dominant symptom, and there are other factors (respiratory
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mechanics/ventilation, cardiovascular response and psychological/emotional aspects) that can
contribute to this (123). Although resting hemodynamic measures such as mPAP and cardiac
output correlate with severity of symptoms, there is a substantial inter-individual variability
that is not explained by hemodynamic severity (124). Although, we have not demonstrated any
significant correlation between these novel CMR techniques and conventional prognostic
markers of CMR RV EF and hemodynamic indices, OS-CMR and Stress/Rest T1 mapping
techniques may provide additional pathophysiological insights in PH patients with ongoing
exertional symptoms. In addition, characterizing CMD adds further potential for newer
therapies that target myocardial ischemia and oxidative stress, such as ranolazine and
trimetazidine that are currently in clinical trials (140).
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Conclusion
Blunted OS-CMR signal intensity and T1 reactivity with stress suggest the presence of
coronary microvascular dysfunction in pre-capillary PH patients without significant epicardial
coronary artery disease. This provides novel pathophysiological insights and may suggest
potential future therapeutic targets, in PH.
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Chapter 6 : Cardiovascular Magnetic Resonance Feature Tracking
Evaluation of Myocardial Strain in Pulmonary Hypertension.

This chapter describes the presence of myocardial strain abnormalities in the ventricles of in
patients at the ‘early’ adaptive stage of pulmonary hypertension.
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Introduction
Pulmonary arterial hypertension (PAH) is a serious and progressive disorder, in which the
prognosis is largely dependent on cardiac function. In the right ventricle (RV), the RV size and
function are the most powerful determinant of prognosis in PAH (12, 16, 17). Recent studies
have demonstrated left ventricular (LV) dysfunction with several different pathophysiological
causes of LV dysfunction that have been described in patients with PAH (42-47, 131). RV
changes affect the interventricular interaction by leftward septal bowing, which leads to
impaired LV diastolic filling (42, 43). Other studies have also reported LV diastolic
dysfunction (44, 45) and reduction in LV free wall mass, in association with RV dysfunction,
in PAH (46). Additionally, in vitro studies have demonstrated atrophy and severe contractile
impairment of the LV cardiomyocyte (47).

Cardiovascular magnetic resonance myocardial feature tracking (CMR-FT) is a novel method
introduced for high-resolution assessment of global and regional myocardial deformation by
tracking the myocardial borders and following them over time. CMR-FT has been studied in a
wide range of cardiovascular conditions such as ischemia (99) and cardiomyopathies (98, 100).
Moreover, CMR-FT has been used to demonstrate myocardial strain abnormalities in the RV
and LV of PAH patients (141, 142); which are associated with adverse prognosis (141, 143).
However, these abnormalities were only demonstrated in a cohort of PAH patients with altered
CMR volumetric and/or functional indices. It is therefore unclear if there are myocardial strain
abnormities in PAH patients with preserved cardiac function. Furthermore, in the previous
chapters, we have demonstrated the presence of coronary microvascular dysfunction in both
the RV and LV in PAH patients with otherwise preserved cardiac function (118, 144). It is
possible that this coronary microvascular dysfunction may affect myocardial deformation in
the ‘early’ adaptive stage of PAH. Hence this study aimed to assess the prevalence of
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myocardial strain abnormalities in the ‘early’ adaptive stage of PAH and its relationship with
coronary microvascular dysfunction.
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Methods
6.2.1 Ethics
This study was approved by the Southern Adelaide Clinical Human Research Ethics
Committee (HREC/15/SAC/397). All participants provided written informed consent to
participate in the study.

6.2.2 Participant Selection
Participant selection was performed as per section 4.3.2.

6.2.3 Participant preparation
As per section 2.1.2

6.2.4 CMR protocol
The CMR protocol was performed as outlined in sections 2.2.1, 2.2.2, 2.2.3 and 2.2.5.

6.2.5 CMR analysis
The CMR analysis was performed as outlined in sections 2.3.1, 2.3.2 and 2.3.4.
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6.2.6 Statistical analysis
All analyses were performed using the Stata statistical software version 15.1 (StataCorp.,
USA). Categorical data are described using frequencies and percentages and continuous data
using median and range. Differences between groups in the mean change in myocardial
oxygenation response and native T1-values were assessed using Mann-Whitney test. Changes
in these same outcomes within patient groups were assessed using the Sign-rank test.
Associations between test parameters were assessed using the Spearman’s rho (ρ) correlation
coefficient. A 2-sided Type 1 error rate of alpha=0.05 was used for assessing statistical
significance.
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Results
6.3.1 Participants Characteristics
The subject characteristics are as previously described in sections 4.4.1 (summarised on Table
4.1). Both PAH and control groups were well matched for age and gender. The aetiology within
PAH were idiopathic pulmonary artery hypertension (iPAH) (n = 20, 48%), systemic sclerosis
associated PAH (SScPAH) (n = 17, 40%) and chronic thromboembolic PAH (CTEPH) (n = 5,
12%). All patients had RHC and coronary angiogram proven diagnosis of PAH with a median
(range) mPAP of 33 (16 – 67) mmHg and PCWP of 12 (4 – 15) mmHg. Median duration
between RHC with coronary angiogram and CMR research study was 17 months. The median
6 minute walk distance in the patient group was 384 (100 – 600) meters. World Health
Organisation functional class was between class II (n = 27, 64%) and III (n = 15, 36%). The
PAH patients had an echocardiography derived resting systolic pulmonary artery pressure of
41 (27 – 128) mmHg. Furthermore, on echocardiography 8 patients (19%) had mild RV
dilatation and 5 patients (12%) had moderate RV dilation. All PAH patients were receiving
treatment with pulmonary vasodilators such as Bosentan, Macitentan, Sildenafil, Riociguat or
a combination of Macitentan and Sildenafil. At recruitment the PAH patients were stable, and
the pulmonary vasodilators therapy was not ceased prior to the CMR research scan.

6.3.2 CMR Characteristics
The CMR characteristics are as previously described in sections 4.4.2 (summarised on Table
4.2). The only statistically significant difference in CMR volumetric and functional indices
between PAH and controls were the RV mass index (17 (9 – 42) vs 13 (9 – 19)g/m2, p=0.001),
RV Mass/Volume ratio (0.30 (0.22 – 0.49) vs 0.22 (0.15 – 0.25), p<0.001) and inferior RV
wall thickness (4 (3 – 9) vs 3 (2 – 5)mm, p=0.002).
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6.3.3 CMR Myocardial Deformation
There was no significant difference in the LV global longitudinal strain (LV GLS) in the PAH
group compared to the controls (-17.0 (-27.7 – 10.8) vs -17.2 (-21.7 – -15.5)%, p=0.37).
Similarly, there was no significant difference in the RV free wall strain (RVFWS) between the
PAH group and controls (-20.0 (-29.7 – 7.9) vs -22.2 (-26.3 – -15.6)%, p=0.34).

6.3.4 Comparing LV GLS and RVFWS values between iPAH and SScPAH
The LV GLS between iPAH and SScPAH was -17.1 (-27.7 – -10.8) vs -16.7 (-21.2 – -13.3),
p=0.839 with the RVFWS between iPAH and SScPAH was -19.3 (-26.0 – -12.9) vs -20.1 (29.7 – -7.9).

6.3.5 Correlations between CMR LV GLS, CMR RVFWS, myocardial oxygenation,
CMR volumetric/functional and haemodynamic indices in PAH patients
There were no significant correlations demonstrated between LV GLS and myocardial
oxygenation, CMR volumetric/functional or haemodynamic indices. However, when
compared to myocardial oxygenation, CMR RVFWS had a moderate correlation to LV OSCMR SI (r=-0.50, p=0.009) (Figure 6.1A) and RV OS-CMR SI (r=-0.40, p=0.045) (Figure
6.1B). These findings suggest that abnormal LV and RV myocardial oxygenation are both
associated with abnormal RV myocardial strain abnormalities. Compared to CMR
volumetric/functional indices, CMR RVFWS had a strong correlation to RV inferior wall
thickness (r=0.70, p<0.001) (Figure 6.1D) with moderate correlation to RV mass index (r=0.44,
p=0.023) (Figure 6.1C) and RHC mPAP (r=0.43, p=0.030) (Figure 6.1E).
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Figure 6.1: Correlation between RV FWS to LV OS-CMR SI, RV OS-CMR SI, RV Mass
Index, RV inferior wall thickness, RHC mPAP.
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Discussion
This study demonstrates CMR derived RVFWS correlates with LV and RV myocardial
oxygenation, RV inferior wall thickness, RV mass index and RHC mPAP. However, there were
no significant difference in the median LV GLS and RVFWS between PAH and control. These
findings would suggest limited myocardial deformation changes in the ‘early’ adaptive stage
of PAH, at a stage when the RV function and volume is mostly preserved. Despite this, RV
free wall strain abnormalities were associated with myocardial oxygenation abnormalities and
increasing RV hypertrophy – a sign of RV remodelling.

In PAH, there are several potential mechanisms of RV remodelling such as neurohormonal
activation, growth factors, profibrotic cytokines, inflammation, capillary rarefaction,
mitochondrial dysfunction, oxidative stress and ischemia (31). A number of these above
mechanisms in addition to the increased haemodynamic load, precipitates RV hypertrophy
(RVH) and subsequent RV dysfunction. In response to increased haemodynamic stress, RVH
is a necessary adaptive mechanism in order to increase the force generating capacity by fivefold
(145). In this circumstance, RVH is represented by an increase in cardiomyocyte size which is
reflected by increased wall thickness and cardiac mass (146). This adaptation of RVH
compensates for the increased RV wall stress (147) and oxygen consumption (148) to preserve
RV-arterial coupling (149). In conjunction with RVH there are associated increases in RV
angiogenesis which initially complements RVH (150). However, progressive RV hypertrophy
without any further compensatory increase in the myocardial vasculature leads to RV
myocardial ischaemia (35-37). In the previous chapters, we have demonstrated the presence of
myocardial deoxygenation in the RV of PAH (118).
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Although we found no significant difference in myocardial deformation compared to healthy
volunteers in the ‘early’ adaptive stage of PAH, it is interesting to note its correlation with both
LV and RV myocardial oxygenation and RVH. It has been previously demonstrated that RVH
and RV myocardial strain abnormalities are associated with adverse prognostic outcomes (141,
151). However, it is unclear if the presence of myocardial deformation abnormalities in ‘early’
adaptive stage of PAH portends to the progressive transition of the RV from adaptive to a
maladaptive stage of PAH with subsequent RV failure and death. Moreover, it is well known
that PAH patients can experience silent progressive RV failure leading to death (13, 14). Hence,
further studies are required to determine the role of RV free wall strain in subclinical RV
dysfunction and its progression.

6.4.1 Limitations
Our study has several limitations. This study has a small sample size which could increase the
margin of error. The predominantly correlative finding of the study should be interpreted as
hypothesis generating rather than conclusive. The numbers in the control groups were relatively
small compared to the PAH group. However, the control group were age-matched, minimizing
any significant bias. The PAH patients were stable on pulmonary vasodilator therapy, which
may have reduced myocardial deformation abnormalities. A larger study would help to
determine the clinical and prognostic utility of this novel CMR techniques in PAH.
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Conclusion
Presence of right ventricular hypertrophy and myocardial deoxygenation is associated with
abnormalities in the right ventricular mechanics in PAH patient with preserved right ventricular
volume and function. Further studies are required to determine the role of RV free wall strain
in subclinical RV dysfunction and its progression.
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Chapter 7 : Right ventricular free wall systolic strain correlates to pressure
flow relationship during dobutamine stress echocardiography

This study describes the CMR-FT and echocardiographic right ventricular free wall systolic
strain association with pressure flow relationship during dobutamine stress echocardiography.
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Introduction
In a person without pulmonary vascular disease the pulmonary circulation has low pressure
and low vascular resistance. Under exercise there is flow mediated dilatation of the pulmonary
vasculature as well as recruitment of pulmonary microcirculation allowing accommodation of
increased cardiac output (CO) with minimal increase in mean pulmonary arterial pressure
(mPAP) (152-154). The pressure-flow relationship, in the form of the ratio between mPAP and
cardiac output (CO) or index, may unmask abnormal response to exercise in the pulmonary
vasculature prior to abnormalities in the resting mPAP (155). Up until 2008 exercise
measurements formed part of the definition of PAH with a mPAP>30mmHg during exercise
considered abnormal (10). As the CO increases an abnormally elevated increase in the
mPAP/CO ratio may reflect increased left atrial pressure (LAP), increased pulmonary vascular
resistance (PVR), reduced RV contractive function or a combination of these (156).
Furthermore, elevated mPAP under stress has been shown to be associated with symptoms
(157) and functional status (158).

Recently low dose dobutamine stress echocardiography (DSE) has been shown to be useful in
determination of mPAP/CO ratio and therefore helpful in the non-invasive assessment of the
functional status of the pulmonary circulation and RV contractile function (158). However,
DSE in these patients is time consuming, not without risk, and the plotting and calculation of
mPAP/CO graphs difficult in a clinical setting. Ideally a single resting parameter that is
predictive of an elevation in the pressure-flow relationship of the pulmonary vasculature would
be suited to daily clinical assessment of patients with established PAH and at risk of PAH
development.
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Speckle-tracking echocardiography (STE) and cardiovascular magnetic resonance imaging
feature tracking (CMR-FT) are angle-independent techniques for quantifying myocardial
motion. Right ventricular (RV) free wall systolic strain (RVFWS) has been shown to predict
clinical deterioration and mortality in established PAH (159), independent of and incremental
to clinical and left ventricular (LV) deformation parameters (160). In systemic sclerosis (SSc)
patients of whom 71% had pulmonary hypertension on echocardiography, RV strain declined
with poorer functional class, shorter 6-minute walk distances, higher NT-proBNP levels, and
the presence of right heart failure. RV strain predicted survival across pulmonary pressures and
according to strain quartile with a 1.46 higher risk of death per 6.7% decline in RV strain (161).

It is unclear if RVFWS is linked to the flow-pressure relationship and if it can be substituted
as a simple resting measurement forgoing the need for low dose DSE in patients with PAH.
We hypothesised that RVFWS at rest, either by cardiovascular magnetic resonance imaging
(CMR) or echocardiography may predict this pressure-flow relationship and be superior to
conventional measures of PAH.
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Methods
7.2.1 Ethics
This study was approved by the Southern Adelaide Clinical Human Research Ethics
Committee (HREC/15/SAC/397). All participants provided written informed consent to
participate in the study.

7.2.2 Participant Selection
Ten consecutive patients with right heart catheter (RHC) proven PAH (defined as pulmonary
capillary wedge pressure (PCWP) ≤15mmHg, and mean pulmonary artery pressure (mPAP)
≥25mmHg), who consented to both OS-CMR and DSE were selected as per criteria outlined
in 3.2.2.

7.2.3 Participant preparation
As per section 2.1.2

7.2.4 Dobutamine stress echocardiography protocol
Echocardiography was performed using a commercially available machine (GE E95, GE
Healthcare, USA) by an experienced, senior cardiac sonographer. Dobutamine was given as a
continuous infusion at incremental doses of 5, 10, 15 and a maximum of 20 µg/kg/min. Each
infusion stage was for 3 minutes and during the final minute of each stage the following
echocardiographic images were taken, with at least 3 beats taken for each moving image:
parasternal long axis view, zoom view of aortic valve and LV outflow tract (LVOT),
parasternal short axis view, apical 4 chamber view with RV focus, the same view with a right
atrial focus, m-mode through the tricuspid free wall annulus, colour Doppler through the
tricuspid valve, continuous wave (CW) Doppler of the tricuspid regurgitation, apical 4
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chamber, 2 chamber and long axis views with a focus on the LV, the same with the focus on
the LA, mitral valve inflow, tissue pulsed wave (PW) Doppler of both the septal and lateral
annulus and PW Doppler of the LVOT from an apical 5 chamber view. The heart rate (HR)
was noted at each infusion level. The pre-specified infusion end points were reaching the
maximum dobutamine dose or HR >120 beats/min (to avoid inducing very high HR in patients
with PAH for safety reasons).

7.2.5 CMR protocol
The CMR protocol was performed as outlined in sections 2.2.1, 2.2.2, 2.2.3, 2.2.4 and 2.2.5.

7.2.6 CMR analysis
The CMR analysis was performed as outlined in sections 2.3.1, 2.3.2, 2.3.3 and 2.3.4.

7.2.7 Echocardiography analysis
Analysis was performed using dedicated software (EchoPAC v204, GE Healthcare, USA) by
a senior Echocardiographer with over 20 years’ experience in cardiac sonography.
Measurements were made according to the American Society of Echocardiography guidelines
(162). These included the measurement of LVOT diameter and the LVOT velocity time
integral which were multiplied together and then multiplied by the HR to calculate CO. Early
mitral inflow velocity (E), atrial contraction flow velocity (A) and mitral deceleration time was
measured from the mitral valve inflow. Early mitral annular septal and lateral (E’) velocities
were measured to give an average E’ value which was used to calculate the E:E’ ratio. Right
atrial area and left atrial volume were measured from appropriate views. Right ventricular size
was measured from linear measurements of the end diastolic and end systolic area and
fractional area change (FAC) was calculated. The maximum velocity of the tricuspid
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regurgitant CW Doppler signal was measured and RA pressure estimated from the inferior vena
cava diameter and collapsibility to determine systolic PAP (sPAP). The mPAP was calculated
as 0.6 x sPAP + 2 (163). Speckle-tracking strain analysis was performed on the LV focused
views from an apical 4 chamber, 2 chamber and long axis view and the RV focused apical 4
chamber view. Studies were deemed inadequate for analysis when 2 or more LV segments or
1 RV free wall segment were unable to be visualised. A region of interest was applied to the
endocardial and epicardial borders of either the LV or the RV with the tracking adjusted to
cover the entire myocardium. Global longitudinal strain (GLS) was calculated as the average
of all peak regional strain values in the 16 segments of the LV.

The left atrium was imaged from the apical 4 chamber and 2 chamber views with care to ensure
the left atrium was within the imaging sector over the whole cardiac cycle. The right atrium
was imaged from a modified right heart focused apical 4 chamber view with care to ensure the
right atrium was within the imaging sector over the whole cardiac cycle. For both left and right
atrial acquisitions, the frame rate was between 50 and 80 frames per second. Speckle-tracking
strain analysis was performed on the left and right atrium from the appropriate views using
Automated Function analysis of the atrium (AFI LA, EchoPac Version 204, GE Vingmed
Ultrasound). A region of interest was placed on the endocardial border of the left and right
atrium and the tracking adjusted to cover the entire atrium throughout the cardiac cycle. Studies
were deemed inadequate for analysis when any part of the tracking was unable to follow the
atrial wall adequately. Reservoir strain is the lengthening of the atrial wall during the reservoir
phase pf the atrial filling where the mitral and tricuspid valves are closed (ventricular systole).
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7.2.8 Statistical analysis
All analyses were performed using IBM SPSS Statistics version 26 (IBM Corp., USA).
Categorical data are described using frequencies and percentages and continuous data using
median and range. Differences between rest and dobutamine peak stress parameters were
determined using Wilcoxon Signed Ranks test. Correlations between mPAP/CO and imaging
parameters were determined using Spearman’s Rank Order correlation. A 2-sided Type 1 error
rate of alpha=0.05 was used for assessing statistical significance.
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Results
7.3.1 Participant Characteristics
The subject characteristics are summarized in Table 7.1. Among the 10 PAH patients, 2 (20%)
had idiopathic pulmonary artery hypertension (iPAH), 5 (50%) patients had systemic sclerosisassociated PAH (SSc-PAH), and 3 (30%) patients had chronic thromboembolic PH (CTEPH).
All patients had right heart catheter (RHC) and coronary angiogram proven diagnosis of PAH
with a median mPAP of 35 (26 – 67) mmHg and the median PAWP of 10 (6 - 15) mmHg.
Median duration between RHC with coronary angiogram and OS-CMR/DSE research study
was 3 years. The median 6-minute walk distance was 419 (100 – 600) meters. On
echocardiography, 5 (50%) patients had RV dilatation with an echocardiography-estimated
resting systolic pulmonary artery pressure of 45 (31 – 96) mmHg. All PAH patients were
treated with pulmonary vasodilators such as bosentan, macitentan, sildenafil, riociguat with 5
(50%) on combination therapy. The PAH patients were stable and continued their pulmonary
vasodilator therapy during both the CMR and DSE research scans. The median duration
between the CMR and DSE research scans was 18 days.
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Table 7.1 Participant demographics and baseline clinical data
Variable
Age (years), median (range)
Females sex, n (%)
Comorbidities
• Hypertension, n (%)
• Diabetes, n (%)
• Dyslipidaemia
• Chronic Obstructive Airways
Disease, n (%)
• Obstructive Sleep Apnoea, n (%)
Right heart catheter haemodynamic indices
• Mean pulmonary artery pressures
(mmHg), median (range)
• Pulmonary artery wedge pressure
(mmHg) ), median (range)
• Mean right atrial pressures (mmHg),
median (range)
• Cardiac index (L/min/m2) ), median
(range)
• Pulmonary vascular resistance index
(Woods unit m2) ), median (range)
Medication
• Beta-blockers, n (%)
• ACEi/ARB, n (%)
• Statins, n (%)
• Calcium channel blockers
• Endothelin receptor blockers, n (%)
• PDE5 inhibitor, n (%)
• Soluble guanylate cyclase, n (%)
• *Combination therapy, n (%)

PAH (n=10)
71 (34 – 81)
8 (80%)

5 (50%)
2 (20%)
1 (10%)
2 (20%)
3 (30%)

35 (26 – 67)
10 (6 – 15)
10 (3 – 14)
2 (2 – 4)
10 (3 – 28)

2 (20%)
2 (20%)
1 (10%)
2 (20%)
8 (80%)
5 (50%)
1 (10%)
5 (50%)

* Combination therapy of a dual therapy compromising of either endothelin receptor blocker,
PDE5 inhibitor or soluble guanylate cyclase
ACEi = angiotensin-converting enzyme inhibitors, ARB = angiotensin II receptor blockers,
PDE5 = phosphodiesterase type 5 inhibitor
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7.3.2 Echocardiography Characteristics
Table 7.2 demonstrates the echocardiography characteristics of the participants at both rest and
peak stress. There was good correlation between echocardiographic RVFWS and CMR-FT
RVFWS (r=0.84, p=0.004). With dobutamine infusion there was a significant increase in
mPAP (27.8 (21.8 – 54.9) to 35.4 (29.3 – 57.3), p=0.018), heart rate (68 (58 – 82) to 102 (60 –
120), p=0.012), CO (3.6 (2.9 – 5.1)

to 5.5 (3.7 – 9.9), p=0.008), LV ejection fraction (60 (51

– 73) to 69 (61 – 82), p=0.024) and a significant reduction in E:E’ (10.8 (5.6 – 17.4) to 10.4
(5.3 – 14.1), p=0.021). No significant changes were demonstrated at low dose dobutamine.
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Table 7.2 Echocardiographic characteristics
Variable, median

Rest

Peak stress

P value

27.8 (21.8 – 54.9)

35.4 (29.3 – 57.3)

0.018

1.8 (1.1 – 2.5)

1.5 (1.0 – 2.3)

0.201

40 (25 – 61)

37 (22 – 47)

0.593

RA area (cm2)

22.5 (13.3 – 32.4)

19.9 (9.5 – 34.0)

0.374

RVFWS (%)

-18.3 (-10.7 - -32.0)

-16.9 (-12.3 - -24.1)

0.917

68 (58 – 82)

102 (60 – 120)

0.012

3.6 (2.9 – 5.1)

5.5 (3.7 – 9.9)

0.008

32.0 (8.0 – 46.0)

24.5 (10.0 – 47.0)

0.362

60 (51 – 73)

69 (61 – 82)

0.024

-16.6 (-12.8 - -21.5)

-18.5 (-14.8 - -22.6)

0.314

LA volume (mL)

52.5 (44.0 – 56.0)

48.0 (29.0 – 71.0)

0.588

LA reservoir strain

25.5 (11.0 – 39.0)

32.0 (14.0 – 47.0)

0.052

E:E’

10.8 (5.6 – 17.4)

10.4 (5.3 – 14.1)

0.021

mPAP/CO

7.5 (4.5 – 15.3)

6.4 (4.5 – 14.8)

0.398

(range)
mPAP (mmHg)
TAPSE (cm)
FAC (%)

HR (bpm)
CO (mL/min)
RA reservoir strain
(%)
LVEF (%)
LV GLS (%)

(%)

mPAP – mean pulmonary artery pressure, TAPSE – tricuspid annular plane systolic excursion,
FAC – fractional area change, RA – right atrial, RVFWS – right ventricular free wall systolic
strain, HR – heart rate, CO – cardiac output, LVEF – left ventricular ejection fraction, GLS –
global longitudinal strain, LA – left atrial.
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7.3.3 mPAP/CO vs echocardiographic parameters
The flow-pressure relationship of mPAP/CO did not correlate with the echocardiographic
derived TAPSE or FAC (Table 7.3). There was good between mPAP/CO and
echocardiographic RVFWS at all stages of dobutamine infusion. The strongest mPAP/CO
correlation to echocardiographic RVFWS was at rest (Spearman’s rho=0.96, p<0.001). There
was good mPAP/CO correlation to echocardiographic RVFWS at low dose dobutamine
(Spearman’s rho=0.77, p=0.01) and peak dose dobutamine (Spearman’s rho=0.85, p=0.003)
(Figure 7.1).
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7.3.4 mPAP/CO vs CMR parameters
The flow-pressure relationship of mPAP/CO did not correlate with the signal intensity (SI)
change in the RV oxygen-sensitive (OS) CMR sequence, the RV native T1 signal or the CMR
RV ejection fraction (Table 7.3). However, mPAP/CO did correlate with CMR feature tracking
(CMR-FT) derived RVFWS at all stages of dobutamine infusion from rest (Spearman’s
rho=0.96, p<0.001) to low dose dobutamine (Spearman’s rho=0.76, p=0.015) and at peak dose
dobutamine (Spearman’s rho=0.87, p=0.002) (Figure 7.1).
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Table 7.3 Flow-pressure relationship correlated with imaging parameters
Spearman’s rho

P value

RV OS-CMR SI

-0.18

0.702

CMR RV native T1

-0.66

0.156

CMR RVEF

-0.52

0.183

Echo TAPSE

0.193

0.647

Echo FAC

0.68

0.066

Variable correlated with
mPAP/CO

mPAP – mean pulmonary artery pressure, CO – cardiac output, RV – right ventricular, OSCMR SI – oxygen sensitive cardiovascular magnetic resonance signal intensity, RVEF – right
ventricular ejection fraction, CMR-FT – cardiovascular magnetic resonance feature tracking,
RVFWS – right ventricular free wall systolic strain, Echo – echocardiography, TAPSE –
tricuspid annular plane systolic excursion, FAC – fractional area change
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Figure 7.1: Correlation between echocardiographic RVFWS and CMR-FT RVFWS to
mPAP/CO at rest, low dose dobutamine and peak dose dobutamine.
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Discussion
Our study demonstrates that resting RVFWS either by CMR or echocardiography correlates
with mPAP/CO. This simple, non-invasive measure is much quicker and easier to perform then
calculation of the mPAP/CO using low dose DSE. Interestingly both the RV OS-CMR SI and
the CMR RV native T1 signal did not correlate with mPAP/CO. This is likely because they are
measuring different physiological responses to PAH. RV OS-CMR SI is measuring the
oxygenation of the RV myocardium and the native T1 is measuring the degree of interstitial
fibrosis, both important parameters but not directly linked to the pressure-flow relationship.
RVFWS however, appears to be corelated with mPAP/CO during stress whereby worse
RVFWS corresponds with abnormally elevated mPAP/CO during DSE.

The assessment of RV contractile function usually relies on load dependent measures such as
tricuspid annular plane systolic excursion (TAPSE), tricuspid annular systolic velocity (S´) or
fractional area change (FAC). The measurement of RVFWS whilst still load dependent is much
less so and may give a better representation of RV contractile function. A gold-standard
measurement of RV contractility involves using invasive catheters to simultaneously measure
pressure and volume, ideally over multiple loading conditions. The fact that RVFWS correlates
to mPAP/CO whereas TAPSE and FAC do not reflects that it is less load dependent and may
be considered for further investigation of RV contractile function.

Whilst our entire cohort had established and treated PAH, it is possible that this technique of
resting RVFWS may be able to detect early abnormalities in patients at risk of PAH
development. In fact, Hekimsoy et al. (164) found that the peak longitudinal systolic strain
(PLSS) at the apical segment of the RV free wall was significantly lower in SSc patients with
newly right heart catheter (RHC) confirmed PAH compared with patients without PAH on
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RHC and correlated with mPAP. A cut-off value of 14.48% PLSS at the apical segment of the
RV lateral wall was only 62% sensitive in identifying PAH but was 100% specific in ruling
out PAH. After 12 months, PLSS of the RV free wall was lower in the non-PAH group
compared to baseline suggesting that PLSS falls over time in patients with SSc, possibly in
response to rising pulmonary vascular resistance, until PAH is clinically evident and treatment
commences. The subsequent development of PAH was not determined in this cohort.

It is still unclear if a one off measurement or temporal changes in RVFWS can be used to
predict the development of PAH. Hence studies of larger cohorts of patients at risk of PAH
development with longer follow-up periods are needed to determine the clinical utility of
RVFWS for detecting early PAH.

7.4.1 Study limitations
The major limitation to this study is the small sample size, limiting the conclusions that can be
drawn from this study. However, despite this limitation a significant correlation was still
observed between RVFWS and mPAP/CO which may indicate its strength in the prediction of
the pressure-flow relationship. Furthermore, the lack of a ‘gold standard’ of invasive
measurement of RV contractility limit the ability to directly determine what RVFWS is
measuring.
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Conclusion
Right ventricular free wall systolic strain as measured by both feature tracking CMR and
echocardiography correlate to measures of right ventricular pressure-flow relationship. Further
investigation into the utility of RVFWS in the detection of subclinical PAH is warranted.
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Chapter 8 : Conclusions

This thesis has explored the utility of cardiovascular magnetic resonance (CMR) in assessing
myocardial dysfunction in pulmonary arterial hypertension (PAH). By utilising novel
cardiovascular magnetic resonance techniques, we have demonstrated subclinical myocardial
dysfunction in PAH with relatively preserved cardiac function. Particularly, in the areas of
myocardial oxygenation, myocardial extracellular matrix, coronary microvascular function and
myocardial deformation. The key finding with this body of work is the presence of myocardial
deoxygenation to stress in the right ventricle (RV) and left ventricle (LV) of PAH patients, at
the early ‘adaptive’ phase.

Myocardial Oxygenation in PAH
This thesis investigated the utility of oxygen-sensitive cardiovascular magnetic resonance (OSCMR) in patients with PAH. OS-CMR technique has never been studied in the RV, and hence
in Chapter 3, we had aimed to determine the feasibility of RV OS-CMR. We found that
pharmacological induced OS-CMR was a feasible and safe technique to identify and study
myocardial oxygenation in the RV of PAH patients. We followed this with a larger study to
understand the prevalence of myocardial deoxygenation in the RV of patients with PAH.

Chapter 4 studied the extent of blunted myocardial oxygenation response to vasodilator stress
in the RV PAH. Specifically, we demonstrated the presence of in-vivo myocardial
deoxygenation in the ‘early’ adaptive stage of PAH. These findings also had a good correlation
with the LV OS-CMR changes; an area of myocardium with established validation with the
OS-CMR technique. Moreover, a moderate inverse correlation between RV OS-CMR and
mean pulmonary artery pressure (mPAP) was observed. This was interesting as right heart
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catheter (RHC) resting hemodynamic measures such as mPAP and cardiac output are
associated with severity of symptoms. However, there are considerable inter-individual
variability in symptoms that are not explained completely by RHC hemodynamic severity
(124). Therefore, myocardial deoxygenation findings provide further mechanistic insights into
the pathophysiology of RV dysfunction in PAH population.

Myocardial extracellular matrix (ECM) and coronary microvascular function in PAH
In PAH the RV undergoes a compensatory process in response to increased haemodynamic
pressures and other stressful stimuli. This compensatory process is in the form of RV
hypertrophy (RVH) whereby there is an increase in cardiomyocyte size, which is reflected by
increased wall thickness and cardiac mass (146). This increase of cardiomyocyte occurs in the
form of myocardial collagen accumulation which changes the myocardial ECM. In Chapters 4
and 5, we utilised CMR T1-mapping techniques to demonstrate changes in the RV and LV
myocardium ECM. Furthermore in the LV of PAH, by utilizing Stress/Rest T1-mapping
technique, we demonstrated blunting of the myocardial blood flow (MBF) indicating the
presence of coronary microvascular dysfunction (CMD) in the LV of PAH.

Myocardial Deformation in PAH
Chapters 6 and 7 studied CMR and echocardiographic myocardial strain changes in PAH.
While no significant changes were demonstrated, there were associations with RV free wall
strain to either myocardial wall thickness and/or myocardial deoxygenation of the RV in ‘early’
adaptive PAH.
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Chapter 9 : Future Directions

Future studies would be essential to determine the utility of these novel cardiovascular
magnetic resonance (CMR) techniques in predicting progressive cardiac dysfunction and
mortality in pulmonary arterial hypertension (PAH). In particular in the right ventricle (RV) of
PAH, where it has been well documented that these patients can experience silent progressive
RV failure leading to death (13, 14). Currently, the pathophysiological drivers of the
progressive transition from RV adaptation to maladaptation remain unclear. While the findings
in this thesis provide novel insights into the mechanisms of myocardial dysfunction in PAH; it
should also be considered as hypothesis-generating for future studies. More work is required
to determine if these novel markers can predict early or impending RV failure and consequently
guide therapy augmentation.

Furthermore, the characterisation of myocardial deoxygenation and coronary microvascular
dysfunction could aid certain therapies such as ranolazine and trimetazidine that target
myocardial ischemia and oxidative stress. Moreover, these novel CMR techniques could be
studied to detect early changes in patients at risk of PAH development, such as systemic
sclerosis. This could potentially open avenues for early therapeutic intervention before
irreversible pulmonary arterial damage.
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