NOVEL METHODS OF CARDIAC RISK ASSESSMENT IN PATIENTS
WITH CHRONIC KIDNEY DISEASE AND RENAL TRANSPLANT
RECIPIENTS

Dr Ranjit J Shah, FRACP
School of Medicine
Flinders University

Submitted in fulfilment of the requirements of the degree of
Doctor of Philosophy

July 2020

DECLARATION

This work contains no material which has been accepted for the award of any other
degree or diploma in any university or other tertiary institution and, to the best of my
knowledge and belief, contains no material previously published or written by another
person, except where due reference has been made in the text.
I give consent to this copy of my thesis, when deposited in the University Library,
being available for loan and photocopying, subject to the provisions of the Copyright
Act 1968.
I also give permission for the digital version of my thesis to be made available on the
web, via the University’s digital research repository, the Library catalogue, the
Australasian Digital Theses Program and also through web search engines.

Dr Ranjit Shah
July 2020

1

TABLE OF CONTENTS

ACKNOWLEDGEMENTS ........................................................................................10

ABSTRACT ..............................................................................................................12

PEER REVIEWED JOURNAL PUBLICATIONS ......................................................15

PEER REVIEWED ABSTRACTS .............................................................................16

LIST OF ABBREVIATIONS .....................................................................................18

CHAPTER 1: INTRODUCTION ................................................................................23
1.1
1.2

Clinical Problem .............................................................................................24
Non-invasive Methods of Assessment of Coronary Artery Disease:
Strategies and Current Evidence ................................................................29

1.2.1

Exercise Stress ECG.................................................................................29

1.2.2

Exercise/Dobutamine Stress Echocardiography .......................................30

1.2.3

Myocardial Perfusion Scintigraphy (MPS) .................................................31

1.2.4

Cardiovascular Magnetic Resonance (CMR) ............................................33

1.2.5

Biochemical Methods ................................................................................52

1.3

Aims and Hypotheses of this Thesis ...........................................................60

1.3.1

Aims of this Thesis: ...................................................................................61

1.3.2

Hypotheses of this Thesis: ........................................................................61

CHAPTER 2: METHODS .........................................................................................63

2

2.1

Study Protocol ...............................................................................................63

2.1.1

Ethics ........................................................................................................63

2.1.2

Study Population .......................................................................................63

2.1.3

Preparation ................................................................................................63

2.2

CMR Image Acquisition 2.2.1 Multi Plane Localisers .................................64

2.2.2

Cine Imaging .............................................................................................66

2.2.3

Oxygen-Sensitive CMR (OS-CMR) Imaging..............................................69

2.2.4

T1 mapping – ShMOLLI sequence ............................................................70

2.3

CMR Image Analysis......................................................................................71

2.3.2

OS-CMR Analysis .....................................................................................73

2.3.3

CMR- Feature Tracking (FT-CMR) Analysis..............................................74

2.3.4

T1 map analysis ........................................................................................75

2.3.5

Epicardial Fat Analysis ..............................................................................76

2.4

Serum Biochemistry ......................................................................................77

CHAPTER

3:

PROGNOSTIC

UTILITY

OF

OXYGEN-SENSITIVE

CARDIOVASCULAR MAGNETIC RESONANCE (OS-CMR) IMAGING IN
DIABETIC AND NON-DIABETIC CHRONIC KIDNEY DISEASE (CKD)
PATIENTS WITHOUT KNOWN CORONARY ARTERY DISEASE. ................79
3.1

Introduction ....................................................................................................79

3.2

Methods ..........................................................................................................81

3.2.1

Study Population .......................................................................................81

3.2.2

Serum Biochemistry ..................................................................................81

3

3.2.3

CMR Protocol ............................................................................................82

3.2.4

CMR Analysis ............................................................................................82

3.3

Statistical analysis .........................................................................................83

3.4

Results ............................................................................................................83

3.4.1

Age, Co-morbidities and Serum Biochemistry ...........................................85

3.4.2

CMR Ventricular volumes and mass .........................................................86

3.4.3

Change in OS-CMR SI with Stress............................................................86

3.4.4

Feature Tracking CMR (FT-CMR) derived Global Longitudinal Strain
(GLS) and Mechanical Dispersion (MD)...................................................89

3.5

Discussion......................................................................................................89

3.5.1

Limitations .................................................................................................94

3.6

Conclusion .....................................................................................................94

3.7

Future Directions ...........................................................................................95

CHAPTER 4: GADOLINIUM FREE CARDIAC MAGNETIC RESONANCE
(CMR) STRESS T1 MAPPING IN PATIENTS WITH CHRONIC KIDNEY
DISEASE (CKD). .............................................................................................96
4.1

Introduction ....................................................................................................96

4.2

Methods ..........................................................................................................97

4.2.1

Study Population .......................................................................................97

4.2.3

CMR Protocol ............................................................................................98

4.2.4

CMR Analysis ............................................................................................99

4.2.5

Defining Segments .................................................................................. 100
4

4.3

Statistical Analysis ...................................................................................... 100

4.4

Results .......................................................................................................... 101

4.4.1

Baseline Characteristics .......................................................................... 101

4.4.2

Myocardial T1 Reactivity ......................................................................... 102

4.4.3

Reproducibility ......................................................................................... 104

4.5

Discussion.................................................................................................... 104

4.5.1

Limitations ............................................................................................... 107

4.6

Conclusions ................................................................................................. 107

4.7

Future Directions ......................................................................................... 108

CHAPTER 5: COMPARISON OF THE DIAGNOSTIC UTILITY OF NOVEL
GADOLINIUM-FREE CARDIOVASCULAR MAGNETIC RESONANCE
STRESS IMAGING METHODS IN PATIENTS WITH CHRONIC KIDNEY
DISEASE ........................................................................................................ 109
5.1

Introduction .................................................................................................. 109

5.2

Methods ........................................................................................................ 110

5.2.1

Study Population ..................................................................................... 110

5.2.2

CMR Protocol .......................................................................................... 110

5.2.3 CMR Analysis ........................................................................................... 111
5.3

Statistical Analysis ...................................................................................... 111

5.4

Results .......................................................................................................... 112

5.4.1

Baseline Characteristics .......................................................................... 112

5

5.4.2
5.4.3

Correlation between Δ OS-CMR SI and Δ T1.......................................... 113
Predictive capacity of Δ OS-CMR SI and Δ T1 in diagnosing CAD in
CKD patients .......................................................................................... 114

5.4.4

Comparison of Δ OS-CMR SI and Δ T1 with other conventional tests
for myocardial ischaemia in CKD patients.............................................. 115

5.4.5

Sensitivity and specificity of Δ OS-CMR SI and Δ T1 in predicting CAD
in CKD patients ...................................................................................... 117

5.4.6
5.5

Test Reproducibility ................................................................................. 118

Discussion.................................................................................................... 118

5.5.1

Limitations ............................................................................................... 123

5.6

Conclusions ................................................................................................. 124

5.7

Future Directions ......................................................................................... 124

CHAPTER 6: VENTRICULAR PARACARDIAL FAT CONTENT IN CHRONIC
KIDNEY DISEASE (CKD) PATIENTS ........................................................... 125
6.1

Introduction .................................................................................................. 125

6.2

Methods ........................................................................................................ 127

6.2.1

Study Population ..................................................................................... 127

6.2.2

CMR Protocol .......................................................................................... 128

6.2.3

CMR Analysis .......................................................................................... 128

6.3

Statistical analysis ....................................................................................... 129

6.4

Results .......................................................................................................... 130

6.4.1

Baseline Characteristics .......................................................................... 130
6

6.4.2

Paraventricular Adipose Tissue volumes in participants with and
without CKD ........................................................................................... 132

6.4.3

Paraventricular Adipose Tissue volumes in CKD patients with and
without major adverse events (MAE) ..................................................... 133

6.4.4

Association between Paraventricular Adipose Tissue (PVAT) volume
in the CKD Cohort and patient baseline characteristics: Age, Gender,
BMI, Renal Function (eGFR), Diabetes Mellitus, Hypertension,
Dialysis and Troponin T (TnT)................................................................ 133

6.4.5

Association between Paraventricular Adipose Tissue (PVAT) volume
in the CKD Cohort and CMR derived parameters: Left Ventricular
Ejection Fraction (LVEF), Indexed Left Ventricular Mass (LVMi),
Stress OS-CMR and Stress T1 Mapping. .............................................. 135

6.4.6

Paraventricular Adipose Tissue volume as a predictor of adverse
events in CKD ........................................................................................ 136

6.4.7
6.5

Test Reproducibility ................................................................................. 137

Discussion.................................................................................................... 137

6.5.1

Limitations ............................................................................................... 141

6.6

Conclusion ................................................................................................... 141

6.7

Future Direction ........................................................................................... 142

CHAPTER

7:

ARGININE

METABOLITES

AS

BIOMARKERS

OF

MYOCARDIAL ISCHAEMIA, ASSESSED WITH CARDIAC MAGNETIC
RESONANCE IMAGING IN CHRONIC KIDNEY DISEASE ........................ 1423
7.1

Introduction .................................................................................................. 143

7

7.2

Methods ........................................................................................................ 145

7.2.1

Study Population ..................................................................................... 145

7.2.2

Serum Biochemistry ................................................................................ 146

7.2.3

CMR Protocol .......................................................................................... 148

7.2.4

CMR Analysis .......................................................................................... 148

7.3

Statistical analysis ....................................................................................... 148

7.4

Results .......................................................................................................... 148

7.4.1

Baseline Characteristics .......................................................................... 148

7.4.2

Arginine metabolite levels in normal volunteers and CKD patients ......... 149

7.4.3

Arginine metabolite levels in CKD patients with and without CAD........... 150

7.4.4

Association between Arginine metabolites and patient baseline
characteristics: Age, Gender, BMI, Renal Function (eGFR), Diabetes
Mellitus, Hypertension, Dialysis, Troponin T (TnT) and hs-CRP. ........... 151

7.4.5

Association between Peri-Ventricular Adipose Tissue (PVAT) volume
in the CKD Cohort and CMR derived parameters: Left Ventricular
Ejection Fraction (LVEF), Indexed Left Ventricular Mass (LVMi),
Stress OS-CMR and Stress T1 Mapping. .............................................. 154

7.4.6

Adjusted partial correlations of biochemical markers of endothelial
dysfunction (arginine metabolites) with myocardial oxygenation (D
OS-CMR SI) and perfusion response to stress (D T1). .......................... 155

7.5

Discussion.................................................................................................... 156

7.5.1
7.6

Limitations ............................................................................................... 158

Conclusion ................................................................................................... 159

8

7.7

Future Directions ......................................................................................... 159

CHAPTER 8: SUMMARY AND CONCLUSIONS ................................................... 160
8.1

Summary of findings in the thesis and conclusions ................................ 160

8.2

Future Directions ......................................................................................... 164

REFERENCES ....................................................................................................... 166

9

ACKNOWLEDGEMENTS

Over the course of my PhD, I have been fortunate to receive support from many
people. I am profoundly grateful to each of these. I must make particular mention of
some that have been an integral support over the last 4 years.
Firstly, to my principal supervisor, Prof Joseph Selvanayagam, I extend my sincerest
gratitude for his guidance and mentorship. He has been an inspiration, who leads by
example and has provided leadership and support over the course of my PhD. Prof
Jonathan Gleadle and A/Prof Gaetano Nucifora, who are my co-supervisors, always
provided motivation and encouragement. I thank Prof Richard Woodman for being
the most wonderful statistic mentor. I thank Dr Susie Parnham for her initial help with
understanding of the project when I started my PhD studies. I have been privileged
during my thesis to work with Prof Randall Faull and Prof Arduino Mangoni and hope
to continue to build relationships with them in the future.
A special mention should be made for Dr Karthigesh Sree Raman and Dr Rebecca
Perry who have been great friends and have provided help and support when
needed over the course of my PhD. I appreciate their generosity with their time and
their encouragement during the last four years. Many thanks to Dr Sara Tommasi for
the help with the biochemical analysis of the serum samples.
To my colleagues during my PhD, I am thankful for the experiences I have shared
with you, and without your support, this work would not have been possible. I have
worked with many individuals but must single out a few. I thank Angela Walls, Craig
Bradbrook, Emma Smith, Cherie Raven and Charlotte Wigley for the MRI scanning.

10

Thank you, Jan Roesler, for helping with the bookings and Zach Liang, for making
preliminary phone calls for contacting some of the research participants. Special
thanks to Jane McKinnon, Dr Sau Lee, Serene Wong, Hazel Morrison, Tonia
Bromley, Jonathon Foote, Madiha Saiedi, and Dr Rajiv Ananthakrishna for their
friendship and support.
Lastly, I thank my wife, Dr Sonia Shah, who has provided unwavering support in
everything that I have done (and not done), whom I have always found beside me
during the tough times in the course of my PhD and without whom this would not
have been possible. A very special thanks to my children, Eric and Jessica, who
remind me about what is most important in life. And finally, I would like to thank my
parents who, since my early days, have always encouraged me to be an independent
thinker and have been proud of everything that I have done.

11

ABSTRACT

Cardiovascular disease is the major cause of death in the chronic kidney disease
(CKD) population. Coronary artery disease (CAD) in CKD is often asymptomatic, with
multi-vessel ischaemia, and carries a poor prognosis. Although the risk of death is
reduced with renal transplantation, cardiovascular disease is still one of the major
causes of death post-transplant with mechanisms not well defined.
Despite the high prevalence of CAD, current functional cardiac investigations to
assess inducible myocardial ischaemia in CKD population are suboptimal and may
lead to significant adverse effects. Multi-modality cardiovascular magnetic resonance
(CMR)

imaging

has

emerged

as a

non-invasive

clinical tool to

assess

cardiomyopathy, infarction and viability and myocardial perfusion, without risk of
radiation. Stress CMR potentially detects inducible myocardial ischaemia from both
epicardial and microvascular CAD. The use of gadolinium contrast is, however,
contraindicated in the CKD population. Using Oxygen-sensitive CMR (OS-CMR) it
has previously been shown that CKD patients have reduced myocardial oxygenation
response to stress. Furthermore, the reduced OS-CMR signal intensity in the CKD
population could be related to the declining renal function.
The aims of this thesis are to 1) to investigate the prognostic utility of OS-CMR
imaging and feature tracking CMR (FT-CMR) derived myocardial deformation in
asymptomatic CKD patients with and without diabetes mellitus and 2) utilise other
novel Gadolinium-free CMR techniques and serum biochemical markers to assess
coronary artery disease in the CKD population as a measure of ischaemia.
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Chapter 3 shows that the blunted myocardial oxygenation response to stress and
abnormal myocardial deformation in patients with CKD without known coronary artery
disease is an independent predictor of adverse events.
Chapter 4 examines the diagnostic ability of CMR stress T1 mapping technique to
detect coronary artery disease in CKD patients with and without CAD. In this chapter,
it is demonstrated that in patients with CKD, stress T1 response is impaired and may
be able to differentiate between remote, ischaemic and infarcted segments.
Chapter 5 compares the ability of OS-CMR imaging and Stress CMR T1 mapping in
the diagnosis of myocardial ischaemia in patients with CKD. This study shows that in
patients with CKD, stress T1 response may be a more accurate method of
diagnosing myocardial ischaemia than stress OS-CMR response.
The study in chapter 6 investigates the association between Paraventricular Adipose
Tissue (PVAT) and CKD. In this chapter, there was a trend seen for the PVAT
volume to be increased in patients with CKD when compared to participants without
CKD. However, this increased PVAT volume did not seem to be an independent
predictor of adverse events in the small population that was studied.
Chapter 7 demonstrates that there is a significant association between plasma
Asymmetric Dimethylarginine (ADMA) and Stress T1 response in CKD patients.
However, D OS-CMR SI was not significantly associated with circulating ADMA or
HMA levels.
The studies in this thesis were done in relatively small number of patients and need
to be confirmed with larger, multi-centre studies. Nonetheless these studies do
achieve in demonstrating the utility of novel methods of cardiac risk assessment in
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the very high-risk group of CKD patients. These studies will also help in further
understand the complex pathogenetic mechanisms that lead to the higher CVD risk in
CKD patients.
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CHAPTER 1: INTRODUCTION

With significant medical advancements made in the past few decades the number of
patients with severe kidney disease requiring renal replacement therapy (RRT) is
rising (1). Cardiovascular disease (CVD) is common in CKD and it is estimated that
25-47% patients with severe CKD have congestive heart failure, ischaemic
cardiomyopathy or ventricular hypertrophy (2-4). Coronary artery disease (CAD) is
often multi-vessel and causes silent or asymptomatic myocardial ischaemia in CKD
patients (5, 6). Chapter 1 explores the challenges of currently available diagnostic
tests for assessment of CAD in patients with CKD. Furthermore, some novel methods
of assessment of CAD in this very high-risk group of patients are also discussed.
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1.1

Clinical Problem

CKD is common in Australia and the number of patients requiring RRT in Australia
and New Zealand is rising (Figure 1.1).

Figure 1.1: New Patients on Renal Replacement Therapy – Australia and New Zealand

In 2017 there were 3056 new patients on RRT, with an overall incidence rate of 124
per million population CKD is common in Australia (1). This rate has continued a long
trend of increasing RRT incidence. In New Zealand there were 615 new patients (128
per million population). The number of prevalent patients in each country also
continues to climb; in Australia at the end of 2017 there were 24738 (1006 per million
population) patients receiving RRT, and in New Zealand there were 4658 (972 per
million population). There were 11,687 functioning renal transplant patients with
1,109 new transplants reported in 2017. There were 2,077 deaths reported in this
group of patients in 2017, of which 1,858 were on dialysis and 219 patients were
renal transplant recipients. Type 2 diabetes mellitus, glomerulonephritis, hypertension
24

and polycystic kidney disease accounted for the majority of all new diagnosed cases
of ESRD (1).
CVD is the most common cause of mortality and morbidity in people with CKD (7, 8)
and is about 10 – 30 times higher in the CKD cohort when compared to the non-CKD
population, despite stratification for diabetes (9). The mortality rate of people with
CKD worldwide is approximately 20% annually, and CVD accounts for 50% of these
deaths (8, 10, 11). Decreasing renal function has been shown to be associated with
increased risk of death (7, 12) and increased severity of cardiac disease (13-15).
Coronary artery disease is highly prevalent in the CKD population (16) and is present
even in early renal disease (13, 17) and in young CKD patients (18).
CKD patients have both traditional and non-traditional cardiac risk factors (Table 1.1).

Table 1.1 Cardiovascular Risk Factors in the Chronic Kidney Disease Population
Traditional Risk Factors

Non-Traditional Risk Factors

Diabetes

Left ventricular hypertrophy

Hypertension

Fluid overload

Dyslipidemia

Uraemia

Smoking

Anaemia

Age

Disorders of vitamin D, calcium and phosphate

Family History of Ischaemic Heart Disease

Hyperparathyroidism
Inflammatory state
Proteinuria nephrotic state

Painless myocardial ischaemia occurs more commonly in the CKD patients
compared to individuals with normal renal function, and is associated with a higher
mortality rate in CKD patients (19). Epicardial and/or microvascular coronary disease
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is often present in this population (20, 21) and can cause silent or asymptomatic
myocardial ischaemia (5, 6). Both microvascular and epicardial coronary diseases
are associated with a higher major adverse cardiac event rate (6, 22).
Asymptomatic epicardial CAD has been detected even in people with early stage
CKD (23) and is associated with a higher major adverse cardiac event rate compared
to those without CAD (6). While the coronary plaque characteristics in patients with
CKD showed no difference in the prevalence of high-risk plaque compared to the
group without CKD (20), Kawai et al. showed that patients with mild CKD had a
higher prevalence of severe epicardial CAD compared to those without CKD, thus,
suggesting that the problem relates to coronary stenosis rather than plaque stability.
Ischemia-driven angiogenesis and myocardial capillary supply are clearly reduced in
experimental models of uraemia (24, 25). However, relatively few human studies
have investigated microvascular function in CKD. Several autopsy studies have
demonstrated a reduction in myocardial capillary supply in humans with CKD or endstage renal disease (26, 27), but the cohorts were small, and the representativeness
of individuals undergoing post-mortem examination for the overall CKD population is
unclear. Microvascular CAD has been shown to occur early in the CKD population
(28). In a study of mild to moderate CKD patients without diabetes or uncontrolled
hypertension using positron emission tomography (PET) imaging it was found that
the CKD cohort had decreased coronary flow reserve (CFR, defined as the ratio of
peak to resting flow) compared to controls (21). Another study utilizing PET imaging
found that stages 1-4 CKD were associated with progressive deteriorations in CFR
without further changes in stage 5 or dialysis dependant CKD (29). This may suggest
that the cause of microvascular dysfunction in CKD patients is associated with CKD
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rather than associated with the effects of dialysis. Previous studies that have
demonstrated that abnormal myocardial perfusion scintigraphy in CKD patients was
associated with higher incidence of cardiac events and mortality (30-36).
Furthermore, myocardial perfusion PET derived CFR has been shown to be strongly
associated with cardiovascular risk regardless of CKD severity (29). The prevalence
of microvascular coronary artery dysfunction in the asymptomatic CKD patients and
its association with adverse events has not been studied.
The prevalence of left ventricular hypertrophy (LVH) in the CKD population is 75%
(37) and increases with progressive decline of renal function (38). It may contribute to
ischaemia due to microvascular disease and has been shown to be an independent
predictor of survival and cardiovascular events in dialysis patients (39).
Although renal transplantation significantly improves survival, CVD is still one of the
most frequent causes of death post-transplant and accounts for 35-50% of all-cause
mortality (Figure 1.2) (40). It is the most frequent cause of death in renal transplant
recipients worldwide (40). The annual risk of CVD event in renal transplant recipients
is 3.5 to 5%, which is 50 times higher than the general population (41).

Figure 1.2: Mortality while on Renal Replacement Therapy – Australia 2007-2016
A. Survival on Renal Replacement Therapy – Australia 2008-2017

B. Cause of Death – Australia 2017
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In Australia malignancy has surpassed CVD as the leading cause of mortality in the
post renal transplant populations (42). The age of ESRD patients undergoing
transplantation is increasing and may partly account for CVD mortality (43).
The mechanism of CVD in renal transplant population is not well defined. Nanmoku
et al. studied 64 people in the “Elderly Group” with mean age 63.2 ± 3.4 years and
500 people in the “Young Group” with mean age 37.4 ± 13.5 years and showed that
the main cause of graft loss in the “Elderly Group” was sudden death with a
functioning graft due to heart failure (43). There is a suggestion that both ischaemic
heart disease and congestive heart failure occur in the first few years post renal
transplant (44).Another study, however, found ventricular arrhythmia had a high
prevalence in the first few months post renal transplant (45). The presence of
coronary artery calcification was shown to be a risk factor for arrhythmia in this study.
In addition to the traditional cardiac risk factors, renal transplant recipients have
additional risk factors related to the immunosuppressive therapy. Prednisolone is well
known to be atherogenic and increases the risk of developing diabetes mellitus,
obesity, hypertension and hypercholesterolaemia (46). Mycophenolate is associated
with bone marrow suppression and diarrhoea (47), thus may cause anaemia and
electrolytes imbalance, which may contribute to myocardial ischaemia, increased risk
of arrhythmia and cardiac failure (48). Cyclosporine is associated with development
of post-transplant hypercholesterolaemia and diabetes mellitus (49). It also causes
nephrotoxicity and vasoconstriction of the renal afferent arteriole (50, 51) and may
also cause coronary vasospasm. The administration of calcium channel blocker can
prevent the arteriolar vasoconstriction (52). Post renal transplant LVH in the absence
of hypertension was shown to be cyclosporine-related (53). Although it is preferred to
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cyclosporine

(54-58),

tacrolimus

is

associated

with

post-transplant

hypercholesterolaemia and diabetes mellitus (59), which increases the risk of
developing CAD. Marked LVH has been reported in children on tacrolimus (60).
Sirolimus use is associated with lower risk of post-transplant malignancy (61-63) and
nephrotoxicity compared to calcineurin inhibitors (64), thus may be associated with
less CVD post transplantation. Everolimus is also an mTOR inhibitor (65) with similar
side effects to sirolimus (66).
1.2

Non-invasive Methods of Assessment of Coronary Artery Disease:
Strategies and Current Evidence

Figure 1.3: Non-invasive Assessment of CAD
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Exercise Stress ECG

In patients with normal renal function, exercise stress test (EST) with ECG has a low
to moderate sensitivity and specificity, 68 ± 16 % and 77 ± 17 % respectively, even
when adequate exercise capacity and 85% heart rate is achieved (67). EST is further
limited in the advanced CKD population with poor sensitivity of 36% (68) (especially
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those undergoing dialysis), as deconditioning leads to reduced exercise capacity
(69). Deconditioning can be due to vascular, neurological or musculoskeletal
comorbidities and the catabolic/cachectic metabolic state associated with CKD. CKD
patients have also been shown to have impaired heart rate response to exercise (70),
and the frequently abnormal baseline ECG in CKD patients (often secondary to
hypertension) hampers the interpretation of standard stress testing.
1.2.2

Exercise/Dobutamine Stress Echocardiography

Exercise stress echocardiography (ESE) has a sensitivity ranging between 71% and
97% and a specificity ranging between 64% and 90% (71). It is better than the
standard stress ECG in ruling in CAD (Positive likelihood ratio ESE 7.94 versus EST
3.57) and ruling out CAD (Negative likelihood ratio ESE 0.19 versus EST 0.38) (72).
The accuracy of ESE in CKD population is reduced due to the same reasons as
mentioned for EST above. Furthermore, as this technique detects inducible
myocardial ischaemia based on detection of wall motion abnormalities, it does not
detect minor epicardial CAD or microvascular disease.
A systematic review in of 11 Dobutamine Stress Echocardiogram (DSE) studies with
690 potential renal transplant recipients found that DSE had a moderate sensitivity of
80% (confidence interval 64-90) in detecting inducible myocardial ischaemia in renal
transplant candidates (73). Most patients with advanced CKD have a blunted
chronotropic response, and thus do not achieve 85% maximal predicted heart rate
despite the use of atropine (74). Furthermore, in LVH the thick myocardium and small
intracavitary volume obscures the detection of wall motion abnormalities at stress.
Abnormal DSE results in CKD patients have been associated with poorer prognosis
for

cardiac

events

and

overall

mortality

(68,

75-77).

Negative

stress
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echocardiography results, on the other hand, have been shown to be associated with
low incidence of major adverse cardiac events (74).
Blunted chronotropic response with exercise in CKD population may relate to poorer
overall cardiac prognosis. A 2012 meta-analysis of 11,542 patients showed that
submaximal age-predicted heart rate (<85% maximum heart rate) in the setting of
normal ESE and DSE had higher cardiovascular risk than those who achieved >85%
maximal predicted heart rate (78).
1.2.3

Myocardial Perfusion Scintigraphy (MPS)

Exercise and pharmacological MPS have sensitivity of 87% and 89%, and specificity
of 73% and 75%, respectively, in detecting >50% coronary artery stenosis in patients
without advanced CKD (79). Exercise Myocardial Perfusion Scintigraphy (MPS) in
the advanced CKD population has the same limitation as EST and ESE, i.e. related
to the inadequate exercise performance and chronotropic incompetence (80). MPS
radiation may increase the risk of malignancy in the renal transplant population who
is already at high risk of cancer.
A systematic review in 2011 showed that MPS has a sensitivity of 69% (confidence
interval 48-85) and specificity of 77% (confidence interval 59-89) in diagnosing
inducible myocardial ischaemia in the pre-renal transplant population (73). MPS has
high false negative result in detecting ischaemia in people with significant triple
vessel CAD, as in the CKD population, because of homogeneous tracer uptake due
to ‘balanced ischaemia’ (81, 82).
Normal myocardial perfusion measured by single-photon emission computed
tomography (SPECT) may not be associated with excellent prognosis in CKD
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population unlike the normal population (83, 84), perhaps due to the high false
negative result from balanced ischaemia. A recent systematic review in 2015 showed
that although functional cardiac stress investigations were as good as coronary
angiography in predicting major adverse cardiac events, a substantial number of
potential kidney transplant recipients with negative results still experienced adverse
cardiac events (85). Hakeem et al. showed that patients with CKD with normal MPS
still had a three times higher cardiac death rate than those with normal MPS and no
CKD (84). In addition, concurrent reduced coronary flow reserve and left ventricular
hypertrophy may play a role. Fukushima et al. reported CKD patients with normal
clinical myocardial perfusion by PET scan had reduced global myocardial flow
reserve, which implied an underlying microvascular dysfunction in this population (86)
that could explain the poorer prognosis. Increased baseline myocardial blood flow
and peripheral endothelial dysfunction in CKD patients have been suggested by
Koivuviita et al. (87).
Nonetheless, abnormal MPS results in CKD patients have been shown to be
associated with higher incidence of cardiac events and mortality (30-36). A metaanalysis of 12 studies of pre-renal transplant patients showed that the presence of
reversible defects of inducible myocardial ischaemia was associated with sixfold
increased risk of myocardial infarction and almost fourfold risk of cardiac death (88).
In this study, the presence of fixed defects was associated with a nearly fivefold
increased risk of cardiac death. Joki et al. suggested that myocardial perfusion
abnormalities significantly predicted cardiac events in CKD patients independently of
eGFR and left ventricular ejection fraction (30). Among 2967 patients with CKD, the
incidence of major adverse cardiac events at one year was 1.0%, 3.9%, 5.9%, and
7.3% for normal, mild, moderate, and severe summed stress score, respectively (32).
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Al-Mallah et al. demonstrated an interaction between renal function and the
magnitude of perfusion deficit assessed by stress MPS in patients with moderate and
severe CKD in the presence of abnormal MPS (34).
Blunted heart rate response in CKD patients during stress myocardial perfusion
imaging has been reported to be associated with increased mortality (89-91).
1.2.4

Cardiovascular Magnetic Resonance (CMR)

1.2.4.1

Gadolinium Based Method of Assessment of Myocardial

Ischaemia
1.2.4.1.1

First Pass Perfusion

Stress perfusion CMR provides comprehensive assessment of inducible myocardial
ischaemia

with

high

spatial

resolution.

During

adenosine

pharmacological

vasodilatation, myocardial areas supplied by normal coronary arteries show a threeto five-fold increase of blood flow, whereas no or minimal change is found
downstream of severely diseased arteries because arteriolar beds are already
maximally vasodilated (92, 93). Such areas therefore show lower peak enhancement
with delayed uptake of the contrast, and thus appear dark (or hypointense) compared
to the adjacent normal myocardium (93). Stress perfusion CMR has high spatial
resolution (< 3 mm) allowing the identification of very small perfusion defects in subendocardium (94). Because of its high resolution and lack of ionising radiation, it has
increasingly become a very attractive non-invasive cardiac imaging modality for
people

with

suspected

myocardial

ischaemia,

especially

those

with

poor

echocardiographic windows.
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Stress perfusion CMR is highly sensitive for detection of CAD with moderate
specificity. Two meta-analyses have analysed the diagnostic performance of stress
perfusion CMR. A meta-analysis in 2010 demonstrated a stress CMR sensitivity of
89% (95% CI: 88-91%), and a specificity of 80% (95% CI: 78-83%) (95). Adenosine
stress perfusion CMR had better sensitivity than with dipyridamole (90% (88-92%)
versus 86% (80-90%), p= 0.022), and a tendency to a better specificity (81% (7884%) versus 77% (71-82%), p= 0.065) (95). An earlier meta-analysis in 2007 with 14
datasets (754 patients) using stress-induced wall motion abnormalities imaging and
24 dataset (1,516 patients) using perfusion imaging demonstrated a sensitivity of
83% (95% confidence interval 79-88%) and specificity of 86% (95% confidence
interval 0.81 to 0.91) with disease prevalence of 71% and sensitivity of 91% and
specificity of 81% with lower disease prevalence of 57% (96). Thus, stress perfusion
CMR is highly sensitive for detection of CAD but its specificity remains moderate.
1.2.4.1.2

Assessment of Myocardial Infarction/Replacement Fibrosis

Late gadolinium enhancement (LGE) CMR administers relatively inert extracellular
gadolinium T1 contrast during gradient-echo inversion recovery imaging (97). To
optimise the contrast between gadolinium-enhanced infarcted myocardium and
normal tissue, an inversion-recovery sequence is used (98). An inversion time is
chosen at the zero (null) point for normal myocardium, which appears black due to
low signal. The infarcted or fibrotic tissue appears bright (hyperenhanced) because of
reduced clearance and increased volume of distribution of gadolinium (99).
LGE CMR is useful in detecting myocardial infarction and viability and to distinguish
ischaemic from non-ischaemic cardiomyopathy. LGE is a transmural or a
subendocardial pattern in myocardial infarction, due to the course of the coronary
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arteries from the epicardium to the endocardium (100). LGE CMR has a high
specificity 98% for the detection of myocardial infarction (101). The infarct size
determined on CMR LGE in animal models was highly correlated with histopathology
(102).
The presence of myocardial fibrosis detected by late gadolinium hyperenhancement
(LGE) has been shown to correlate with prognosis. A recent meta-analysis (103)
showed that LGE was strongly associated with all-cause mortality HR 2.96 (95%CI:
2.37-3.70, p<0.001), cardiovascular mortality HR 3.27 (95% CI: 2.05-5.22, p< 0.001),
ventricular arrhythmia and sudden cardiac death HR 3.76 (95% CI: 3.14-4.52, p<
0.001), and major adverse cardiovascular events HR 3.24 (95% CI: 2.32-4.52, p<
0.001). In subgroup analyses, LGE was associated with all-cause mortality and
cardiovascular mortality in both LVEF ≤ 35% and LVEF N 35% patients (p< 0.001 all
endpoints), as well as in nonischemic and ischemic cardiomyopathy.
LGE CMR utility is limited in advanced CKD patients due to potential risk of NSF as
outlined above, which manifests as hardening of skin and internal organs resembling
scleroderma which is potentially fatal. The incidence of NSF in people with normal
renal function is zero and in CKD patients ranging from 0.26% to 8.8% (104, 105).
There has been no proven therapy for NSF. American College of Radiology 2015
recommended gadolinium precautions in patients with eGFR <40 mL/min/1.73 m2.
An in vitro experiment by Bose, et al. in CKD mice suggested a possible iron chelator
deferiprone in preventing NSF (106).
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1.2.4.2

Gadolinium-Free Methods of Assessment of Myocardial

Ischaemia
1.2.4.2.1

Oxygen-Sensitive CMR (OS-CMR)

Coronary artery stenosis initially leads to a mismatch between myocardial oxygen
demand and supply, particularly during stress. This in turn leads to post-stenotic
capillary recruitment and elevated levels of de-oxyhaemoglobin in these vessels. OSCMR, also known as Blood Oxygen Level Dependent (BOLD) CMR, differentiates
areas containing high levels of de-oxyhaemoglobin from remote normal myocardium,
and therefore is able to demonstrate myocardium subtended by coronary artery
stenoses. T2/T2* signal is lower from tissue with a high de-oxyhaemoglobin content.
And the reason why OS-CMR is particularly useful in coronary disease is that these
changes in oxygenation occur very early in the so-called ischaemic cascade, much
earlier than the patient gets chest pain or ECG changes (Figure 1.4). Furthermore,
direct quantification of cardiac tissue de-oxygenation is possible, which may be a
superior parameter for myocardial ischaemia.
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Figure 1.4: The Ischaemic Cascade: Progressive myocardial oxygen supply–demand mismatch
leads to a sequence of events, starting with myocardial perfusion abnormalities and followed
sequentially by metabolic alterations, wall motion abnormalities, ECG changes, and angina.

OS-CMR

OS-CMR has been validated in human and animal models with promising results
(107-117). OS-CMR has been utilised in several human studies to assess myocardial
oxygenation as a measure of ischaemia with promising benefits (107, 108, 118-122),
namely in syndrome X, hypertensive patients, patients with CAD, hypertrophic
cardiomyopathy and aortic stenosis. It detects both epicardial and microvascular
CAD without the use of potentially toxic contrast. OS-CMR accuracy in detecting
significant CAD has been evaluated, overall with moderately good sensitivity and
specificity.
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Figure 1.5: The interplay between coronary microvasculature, dipyridamole and the OS-CMR effect.
A, Under rest conditions on a fraction of capillaries are open. B, The effect of dipyridamole which is
by increasing coronary dilatation hence recruiting the dormant coronary capillaries. C, in stenotic
conditions the autoregulatory mechanisms causes relaxation of the capillaries to maintain adequate
perfusion at rest. D, As such there are not further coronary vasodilation when dipyridamole is used.
Modified from Wacker et al (121).
A

B

C

D

The first OS-CMR study in coronary artery disease was by Wacker et al. 1999 (123),
at the time using T2* measurements using a segmented gradient echo pulse
sequence with ten echoes under pharmacological stress with dipyridamole. Later, in
2003, they concluded that in regions associated with the stenotic artery, T2* was
significantly lower than in residual myocardium (p < 0.01) (120). Friedrich et al. 2003
studied 25 patients with stress-induced angina using OS-CMR T2*- sensitive echo
planar imaging sequence before and during adenosine in a single-slice approach,
comparing with quantitative angiography and adenosine thallium SPECT (121). They
observed that a mean signal intensity decrease during adenosine was related to
coronary stenoses >75%. According to this study, the OS-CMR signal intensity
increase cut-off value of 1.2% had a sensitivity of 88% and a specificity of 47% to
correctly classify severe stenoses. However, all these studies were undertaken using
1.5T, which is fundamentally limited by the relatively small difference in T2* between
normal and de-oxygenated myocardial regions (43 ± 21%).
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At 3T, the blood and extra-vascular tissue T2* is much more sensitive to differences
in oxygenation levels, consequently increasing the contrast compared to 1.5T. This
boost in contrast is accompanied by an increased SNR at 3T, which makes cardiac
OS-CMR imaging considerably more robust. The first study at 3T validating the OSCMR technique against PET in patients with known single or double vessel coronary
disease was reported in 2010 (119). This showed regional myocardial perfusion and
oxygenation are dissociated in a significant proportion of patients, indicating that in
patients with CAD reduced perfusion does not always lead to deoxygenation.
Manka et al. 2010 studied 46 patients (34 men; age 65 ± 9 years) with suspected or
known coronary artery disease who underwent adenosine OS-CMR at 3T prior to
clinically indicated invasive coronary angiography (124). Significant stenosis was
defined as a coronary artery with ≧50% luminal narrowing. Coronary angiography
demonstrated significant CAD in 23 patients. OS-CMR at rest revealed significantly
lower T2* values for ischaemic segments (26.7 ± 11.6 ms) compared to normal (31.9
±11.9 ms; p < 0.0001) and non-ischaemic segments (31.2 ± 12.2 ms; p = 0.0003)
[133]. Under adenosine stress T2* values increased significantly in normal segments
only (37.2 ± 14.7 ms; p < 0.0001). This study was confirmed by a prospective study
by Arnold, et al. 2012 comparing quantitative OS-CMR to coronary angiography, in
which a significant CAD was defined as the presence of at least 1 stenosis of ≧50%
diameter in any of the main epicardial coronary arteries or their branches with a
diameter of ≧ 2 mm (125). OS-CMR has an accuracy of 84%, a sensitivity of 92%
and a specificity of 72%. Their study also suggested that hypertension increased the
likelihood of abnormal OS-CMR response, however not diabetes mellitus,
hypercholesterolaemia or myocardial scarring.
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Figure 1.6 Demonstration of non-linear BOLD signal intensity change in response to hyperemic
myocardial blood flow (MBF). Modified from Arnold et al (123)

Walcher et al. 2012 further researched the diagnostic accuracy of OS-CMR
compared to invasive FFR, current gold standard for measuring haemodynamically
significant coronary artery lesion (126). They scanned 36 patients at 1.5T and
performed FFR in all patients. An FFR ≦0.8 was regarded to indicate a significant
coronary lesion. They found that relative OS-CMR signal intensity increase was
significantly lower in myocardial segments supplied by coronary arteries with an FFR
≦0.8 compared with segments with an FFR >0.8 (1.1 ± 0.2 versus 1.5 ± 0.2;
p<0.0001) [135]. The OS-CMR sensitivity and specificity compared to FFR ≦0.8 were
88.2% and 89.5%, respectively (126).
It is recognised that the interplay between myocardial ischaemia, perfusion, and
oxygenation in the setting of CAD is complex and that myocardial oxygenation and
perfusion may become dissociated. McCommis et al. 2010 compared CMR and PET
imaging at rest and during dipyridamole vasodilation or dobutamine stress in canines
to induce a wide range of changes in cardiac perfusion and oxygenation (112). CMR
first-pass perfusion imaging was performed to quantify myocardial blood flow and
volume and OS-CMR technique was used to determine the myocardial oxygen
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extraction fraction during pharmacological hyperaemia. (15)O-water and (11)Cacetate were used to measure myocardial blood flow and myocardial oxygen
consumption, respectively, by PET. They found that CMR results correlated with PET
values for myocardial blood flow (r2=0.79, p<0.001), myocardial oxygen consumption
(r2=0.74, p<0.001), and oxygen extraction fraction (r2=0.66, p<0.01) (112). The
Karamitsos et al. study referred to above found that 40% of myocardial segments
with stress myocardial blood flow below the cut-off of 2.45 mL/min/g did not show
deoxygenation (119). It is tempting to speculate that the normal oxygenation
measurements seen in these segments with impaired perfusion indicate the absence
of true ischaemia in these territories despite reduced regional blood flow. Arnold et al.
studied the correlation between adenosine stress perfusion CMR and adenosine OSCMR and also confirmed that oxygenation and perfusion were not strongly correlated
(r= -0.26) (125).
A recent study assessed the utility of OS-CMR in advanced CKD patients with no
known cardiac disease when compared to healthy and hypertensive controls (127).
Fifty-three subjects (23 subjects with CKD, 10 Renal Transplant (RT) recipients, 10
hypertensive (HT) controls, and 10 normal controls without known coronary artery
disease) underwent CMR scanning. All groups had cine and OS-CMR at 3 T. The RT
and HT groups also had late gadolinium CMR to assess infarction/replacement
fibrosis. The CKD group underwent 2-dimensional echocardiography strain analysis
as surrogate for interstitial fibrosis. Myocardial oxygenation was measured at rest and
under stress with adenosine (140 µg/kg per minute) using OS-CMR signal intensity.
Diabetes mellitus and hypertension were similar between CKD, RT, and HT groups.
The mean OS-CMR signal intensity change was significantly lower in the CKD and
RT groups compared to HT controls and normal controls (-0.89 ± 10.63% in CKD
41

versus 5.66 ± 7.87% in RT versus 15.54 ± 9.58% in HT controls versus 16.19 ±
11.11% in normal controls, p < 0.001) (Figure 1.7A). Further, the impairment in the
stress OS-CMR signal is associated with the degree of renal dysfunction (Figure
1.7B). Left ventricular mass index and left ventricular septal wall diameter were
similar between the CKD pre-dialysis, RT, and HT groups. None of the CKD patients
had impaired global longitudinal strain and none of the RT group had late gadolinium
hyperenhancement.

Figure 1.7: A, Myocardial oxygen response to stress in CKD (dialysis and pre-dialysis),
renal transplant, hypertensive and normal volunteers. B, Association between
myocardial oxygenation and eGFR. Modified from Parnham et al (125)
A

B

OS-CMR images have several limitations, namely, low signal to noise ratio (SNR),
long acquisition times and off resonance artefacts that may mimic deoxygenation
even at 3T (125). Even higher field strength (7T) magnets with corresponding
increases in SNR will overcome these problems but clinical availability is likely to be
limited. Novel means of coronary vasodilation, including CO2 retention rather than IV
Adenosine also offers promise.
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In conclusion, OS-CMR potentially offers an attractive option for non-invasive
ischaemia detection, given it does not use exogenous contrast, making it especially
useful in cases where Gadolinium chelates are contraindicated (e.g. advanced CKD
and ESRD). However, at present, only one (mid-ventricular) slice can be
interrogated, limiting its sensitivity. It is hence unlikely to replace first pass perfusion
as the preferred CMR method for ischaemia assessment in most patients, unless
improvements in signal-noise can be made. OS-CMR nevertheless adds value in
providing new insights into states of myocardial hibernation, hypertrophy, and
diseases of the coronary macro- and micro-vasculature. A greater pathophysiological
understanding of the underlying disease processes might enable the development of
new therapies aimed at symptom relief and reducing disease progression.
1.2.4.2.2

Stress/Rest T1 Mapping

T1 relaxation time, spin-lattice relaxation time, or simply T1, describes the
exponential recovery of the longitudinal component of magnetization back towards its
thermal equilibrium. T1 is prolonged by increased water content and, importantly,
depends on blood T1 through its partial volume. The measured T1 is determined by
intrinsic tissue properties, and the extrinsic environment, including surrounding
structure and milieu, as well as software and hardware used to measure T1. Each
tissue type, such as myocardium, has a specific range of normal T1 values, deviation
from which is indicative of disease.
In vivo mapping of the myocardial T1 relaxation time has recently attained wide
clinical validation of its potential utility. Its values are characteristically increased and
decreased in certain myocardial diseases.
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Table 1.2 Causes of increased and reduced T1 values
Increased T1 values

Decreased T1 values

Increased myocardial water content – AMI, TTC,
oedema, myocarditis

Lipid deposition – AFD

Increased fibrosis and ECV – DCM, HCM, AS

Iron deposition – Cardiac siderosis

HCM, AS
Protein deposition – Amyloid

By measuring and displaying T1 relaxation times pixel by pixel, native T1 mapping
provides a quantitative biomarker of intracellular and extracellular environments of
the myocardium without the need for intravenous contrast agents. Common T1
mapping sequences used for cardiac T1 mapping are inversion recovery techniques
(128-131), saturation recovery techniques (132), and mixed hybrid approaches (133).
The general design of T1 mapping sequences includes delivery of a pre-pulse and
acquisition of multiple T1-weighted images to allow fitting of these signals to an
exponential recovery curve. Modified Look-Locker inversion recovery (MOLLI) uses
electrocardiographic (ECG) gating to target a designated phase of the cardiac cycle,
and then repeating the inversion experiments after a carefully optimized delay time to
obtain adequate information to fit a single exponential T1 recovery curve over 17heartbeat-long breathold. The shortened modified Look-Locker inversion recovery
(ShMOLLI) is similar to MOLLI but can acquire information over a shortened 9
breathold sequence as is heart rate independent.
T1 mapping is highly reproducible with tight normal ranges (129, 134), capable of
diagnosing a variety of cardiac diseases (129, 135-141). Local validation should be
performed as T1 values are sensitive to hardware and software used.
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Myocardial Blood Volume (MBV) is composed of intramyocardial vessels ≤200
microns (90% are capillaries), i.e., capacitance vessels in both micro and macro
circulation. Myocardial blood volume (MBV) constitutes ~10% of the total myocardial
volume at rest (142) and may increase two-fold during coronary vasodilatory stress
(111, 143). MBV may relate better to cardiomyocyte metabolism by reflecting
changes in myocardial oxygen consumption, which is a more reliable marker of
cellular ischemia. Therefore, stress/rest MBV determination may be a more complete
assessment of ischemia than MBF (via perfusion imaging) alone.
Increased myocardial T1 values act as a surrogate for increased myocardial water;
hence coronary vasodilatation, which increases MBV, is expected to prolong T1 and
allow detection of microvascular and myocardial blood volume changes during
ischemia. In chronic coronary artery disease (CAD), accurate detection of ischemia is
important because targeted revascularization improves clinical outcomes. T1
mapping using cardiac magnetic resonance (CMR) is highly sensitive to changes in
myocardial water content, including MBV.
In healthy individuals with normal myocardium and coronary arteries, there is
significant coronary vasodilatory reserve, which can be interrogated by administration
of adenosine vasodilatory stress (92). Since native blood T1 is much longer than
native myocardial T1, blood T1 is expected to increase the measured myocardial T1
through its partial volume effects (134). This has been shown in normal volunteers
who exhibit a 6% increase in myocardial T1 with narrow normal ranges during
adenosine vasodilator stress, using the heart rate-independent ShMOLLI method
(6.2 ± 0.5% at 1.5 T; 6.3 ± 1.1% at 3 T).
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Recent studies have shown that T1 mapping, when used with a vasodilator stress,
can distinguish between normal, ischaemic, infarcted and remote myocardium
without the need for gadolinium contrast agents (144).

Figure 1.8: (A) During adenosine stress, T1 increased significantly in normal and remote myocardial
segments, whereas this was relatively unchanged in ischemic and infarcted segments. (B) T1 reactivity (!T1)
was significantly lower in the remote myocardial segments compared with normal segments and was
completely abolished in ischemic and infarcted myocardial segments. Modified from Liu et al (143)
All data indicate mean ± 1 SD. *p < 0.05.

Normal myocardium in controls (normal wall motion, MPRI, no LGE) showed normal
resting T1 (954 ± 19 ms at 1.5-T; 1,189 ± 34 ms at 3.0-T) and significant positive T1
reactivity during adenosine stress compared to baseline (6.2 ± 0.5% at 1.5-T; 6.3 ±
1.1% at 3.0-T; all p < 0.0001). Infarcted myocardium showed the highest resting T1
of all tissue classes (1,442 ± 84 ms), without significant T1 reactivity (0.2 ± 1.5%).
Ischemic myocardium showed elevated resting T1 compared to normal (987 ± 17
ms; p < 0.001) without significant T1 reactivity (0.2 ± 0.8%). Remote myocardium,
although having comparable resting T1 to normal (955 ± 17 ms; p = 0.92), showed
blunted T1 reactivity (3.9 ± 0.6%; p < 0.001).
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This method has subsequently been validated against invasive coronary measures
for the accurate detection and differentiation between epicardial coronary artery
disease

and

microvascular

dysfunction

(145).

Myocardium

downstream

of

nonobstructive coronary arteries with microvascular dysfunction showed less-blunted
T1 reactivity (DT1 = 3.0 ± 0.9%). A DT1 of 1.5% accurately detected obstructive CAD
(sensitivity: 93%; specificity: 95%; p < 0.001), whereas a less-blunted DT1 of 4.0%
accurately detected microvascular dysfunction (area under the receiver-operating
characteristic curve: 0.95 ± 0.03; sensitivity: 94%; specificity: 94%: p < 0.001).
Stress and rest T1 mapping is a novel technique with potential to assess ischaemia,
coronary vasodilatory reserve, and the health of the micro-coronary circulation,
without the need for Gadolinium based contrast agents. This technique may also be
of specific use in the chronic kidney disease population where both epicardial
coronary artery disease and microvascular dysfunction are common and use of
gadolinium-based contrast agents is not preferred.
1.2.4.2.3

Periventricular Fat Volume Assessment

Cardiovascular disease is the largest cause of death in the world, and coronary artery
disease (CAD) makes up the greatest proportion of those deaths. Excess adiposity
has been associated with increased cardiovascular risk (146). Possible mechanisms
include alterations in body weight homeostasis, insulin resistance, lipids, blood
pressure,

coagulation,

fibrinolysis and

inflammation,

leading

to

endothelial

dysfunction and atherosclerosis (147).
More important than the total amount of adipose tissue is the location of adipose
tissue. There is general agreement that central (trunk and abdomen), as opposed to
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peripheral (hips and thighs) adipose tissue confers the most cardio-metabolic risk
and therefore waist-to-hip ratio is a better predictor of cardiovascular disease than
Body Mass Index (BMI) (148-150). However, this measurement of general obesity is
not always associated with increased cardiovascular risk (151) as some people with
abnormal waist-to-hip ratio may have a low cardiovascular risk and vice versa.
Therefore, a regional fat content with a more accurate risk prediction capability is
warranted.
Epicardial fat is the adipose tissue that directly surrounds the heart (between the
myocardium and visceral layer of pericardium) and is in direct contact with the
coronary vasculature. Pericardial fat is located on the external surface of the parietal
pericardium. Although close in proximity, these two fat depots are very different.
Epicardial fat is brown fat and develops from splanchnopleuric mesoderm and gets
its blood supply from the coronary arteries while pericardial fat develops from the
primitive thoracic mesenchyme and gets its blood supply from the non-coronary
arteries (152). In adults, epicardial fat commonly exists in the atrioventricular and
interventricular grooves, whereas in juveniles it is found around the atrial free wall
and two atrial appendages (152, 153). Cardiovascular magnetic resonance (CMR)
imaging has been validated for the measurement of epicardial and pericardial fat
volume (154, 155) and is considered the most accurate method for this purpose.
Physiological functions of epicardial fat include:
1) Mechanical – cushion around the coronary arteries
2) Metabolic – supply free fatty acids to the myocardium (main energy source of
myocardium)
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3) Thermogenic – protects heart against hypothermia
4) Protective secreting factors - Under normal physiological conditions, epicardial
adipose produces anti-inflammatory cytokines, such as adiponectin and
adrenomedullin, to exert its cardioprotective functions (156, 157). Adiponectin
has

antidiabetic,

antiatherogenic,

antioxidative,

and

anti-inflammatory

properties (156, 158). Adrenomedullin is produced in a variety of organs
including the kidneys, lungs, and heart, and it exerts many cardioprotective
actions including vasodilation, natriuresis, anti-apoptosis, and stimulation of
nitric oxide production (158).
Epicardial fat is biologically active and may play a central role in the association
between obesity and cardiovascular disease. In obesity epicardial fat volume
increases and it becomes hypoxic and dysfunctional (159), resulting in a shift in its
metabolic profile. Adipokines can have both endocrine and paracrine functions that
influence the development of cardiovascular disease, and in particular CAD (McLean
DS, Stillman AE. Epicardial adipose tissue as a cardiovascular risk marker. Clin
Lipidol 2009;4:55-62). Elevated IL-6, TNF-α, MCP-1 and decreased adiponectin have
been correlated with the development of atherosclerosis (160). Increased epicardial
fat leads to additional mass on both ventricles that can increase the work demands
on the heart and result in left ventricular hypertrophy (161). Moreover, epicardial fat
thickness is positively correlated with myocardial lipid content and may affect
cardiomyocyte function (162). Epicardial fat has been implicated in coronary artery
disease (148, 163-182), atrial fibrillation (183, 184) and adverse cardiovascular
outcomes (185-187).
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Increased epicardial fat is associated with the more traditional metabolic risk factors
such as BMI, dyslipidemia, impaired fasting glucose, Type 2 Diabetes Mellitus
(T2DM) and hypertension. CKD is often the result of one or more of the above risk
factors (188). Furthermore, obesity is common amongst patients with moderatesevere CKD (189, 190). Patients with chronic kidney disease (CKD) exhibit an
increased incidence of cardiovascular disease (CVD), and cardiovascular mortality is
about 10 – 30 times higher when compared to the non-CKD population, despite
stratification for diabetes (9). Although renal transplantation significantly improves
survival, CVD is still one of the most frequent causes of death post-transplant and
accounts for 35-50% of all-cause mortality (40). Given the high risk of CAD in CKD
patients and the complex relationship between the metrics of body adiposity and
CAD, studies looking at epicardial fat in CKD would be relevant.
Epicardial fat thickness is significantly greater in patients on hemodialysis compared
with healthy controls and positively correlated with hemodialysis duration (191, 192).
Furthermore, echocardiographically assessed epicardial fat tissue thickness has
been shown to correlate with oxidant biomarkers in CKD and CKD disease
progression (193). In another study, it was seen that in stage 3-5 pre-dialysis CKD
patients, coronary calcification and IL-6 were predictors of epicardial fat thickness
(194). Thus, inflammation, as also seen with increased epicardial fat, could be a
possible link between the pathogenesis of CAD and chronic kidney disease.
Increased epicardial fat volume in patients with chronic kidney disease (stages 3–5,
pre-dialysis) is associated with an increased risk of cardiovascular events
independently of visceral (abdominal) fat (195).
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In the general population, obesity is associated with increased cardiovascular risk
and decreased survival. In the CKD population, however, the relationship between
excess adiposity and cardiovascular risk is complex. In the CKD population,
observational studies have reported contradictory findings about the association
between obesity and mortality. Previous studies of people on hemodialysis have
suggested an ‘obesity paradox’, where being obese is protective against all-cause
and cardiovascular mortality (196, 197). Other studies have reported a U- or Jshaped association between obesity measured by BMI and mortality, with a higher
risk of death in underweight and morbidly obese categories compared with normal
weight (198, 199). In a recent metanalysis, it was shown that, in hemodialysis
patients, for every 1 kg/m2 increase in BMI, there was a 3% and 4% decrease in risk
of all cause death and cardiovascular-related mortality, respectively (200). In CKD
stages 3-5, the reduction in risk for all-cause mortality per kg/m2 rise in BMI was 1%
(200). It is not known if this paradox relationship seen with BMI extends to the
paracardiac fat content in the CKD population.
Epicardial fat is often very difficult to distinguish from pericardial fat on CMR cine
images. Paracardial fat refers to the combination of epicardial and pericardial fat and
denotes the total amount of fat surrounding the heart. This is much easier to
measure. In this thesis, Periventricular Adipose Tissue (PVAT) is defined as the
paraventricular fat that surrounds the ventricles. As described above, most of the
paracardial fat in adults is located in the interventricular groove, atrio-ventricular
groove and the ventricles. Therefore, PVAT should account for almost all the
paracardial adipose tissue.
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1.2.5
1.2.5.1

Biochemical Methods
Markers of Endothelial Dysfunction

Although traditional risk factors are common among CKD patients, they can only in
part explain the increased susceptibility to CVD (201). Non-traditional cardiovascular
risk factors are important in the pathogenesis of CVD in CKD. These risk factors
result in endothelial dysfunction which has a central role in the pathogenesis of CVD
together with inflammation and atherosclerosis. Considering that CKD patients are
more likely to die of CVD than to progress to End-Stage Renal Disease (ESRD), the
search for novel CVD risk factors in this population may yield novel therapeutic
targets. It is thought that perturbed arginine metabolism may potentially contribute to
the high CVD rates in CKD.

Figure 1.9: The Arginine Metabolism Pathway
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Nitric oxide (NO) is a potent vasodilator and has important effects as a mediator of
anti-thrombotic processes, growth inhibition and inflammation (202). In 1992 it was
first reported that Asymmetric Dimethylarginine (ADMA) was a competitor to arginine,
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the substrate used by nitric oxide synthetase (NOS) to produce NO (203). By
comparing a group of six healthy individuals with a group of nine patients with endstage renal disease on hemodialysis, the investigators found that the levels of
dimethylarginines were substantially elevated in individuals with chronic kidney
disease (CKD), and suggested that the accumulation of ADMA and concomitant
inhibition of nitric oxide synthesis might contribute to hypertension, immune
dysfunction, and cardiovascular disease in these patients. Therefore, ADMA impairs
endothelial function and promotes atherosclerosis.
Symmetric dimethylarginine (SDMA) is more abundant than ADMA in patients with
chronic kidney disease. Even though SDMA does not inhibit NOS directly, it may
indirectly reduce NO production causing reduction in the intracellular arginine
availability, since SDMA competes with the cationic amino acid transporter in the
endothelial cell membrane (204). Therefore, SDMA also impairs endothelial function
and promotes atherosclerosis. Furthermore, as a consequence of reduced NO
availability, renovascular resistance increases and renal perfusion decreases (205).
Thus, SDMA has emerged as an endogenous marker of renal function, as its levels
are closely related to glomerular filtration rate. L-N-monomethylarginine (LNMMA) is
another methyl derivative of the amino acid arginine. It is a potent NOS inhibitor and
may accumulate in CKD. This molecule has been least studied in CKD.
Homoarginine (HMA) is an amino acid derivative found in trace amounts in the
mammalian species. The exact pathways of HMA synthesis and its association with
renal functions is not completely understood. It has been suggested that HMA is
synthesized in the kidney by the transamidation of lysine. HMA may increase NO
availability in 2 ways and enhance endothelial function. First, HMA may serve as a
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precursor of NO. Second, it potentially increases the intracellular concentration of Larginine, the main substrate for NO synthesis, by inhibiting the enzyme arginase
(206-209).
HMA molecule has attracted significant attention because of its potential interactions
with insulin secretion, platelet aggregation, blood pressure regulation and endothelial
function (208, 210-212). There seems to be a strong association between low HMA
levels and higher mortality risk in CAD and hemodialysis patients (213). Furthermore,
low HMA levels are also associated with myocardial dysfunction and stroke (214,
215). In pre-dialysis patients, low HMA levels is a strong predictor of progression to
dialysis and incident mortality (216). In hemodialysis patients, low HMA levels are
associated with sudden cardiac death (SCD) and death due to heart failure (217).
Dimethylarginine dimethylaminohydrolase (DDAH) is strongly expressed in the
kidneys (218) and converts ADMA into citrulline and methylamines. This ADMA
conversion is important during renal homeostasis as <15% of total ADMA is excreted
by kidneys in a non-metabolized form (218). In contrast to ADMA, the majority of
SDMA is excreted in a non-metabolized form (204). LNMMA is partly degraded by
DDAH and partly renally excreted (219, 220). Additionally, in a study with mice, it was
shown that both ADMA and SDMA undergo N-acetylation forming asymmetric N∝acetyldimethylarginine

(AcADMA)

and

symmetric

N∝-acetyldimethylarginine

(AcSDMA) (221, 222).
Patients with mild-moderate CKD have elevated plasma levels of ADMA and SDMA
compared to normal controls (223-226). This increase is more pronounced in ESRF
(227, 228). Furthermore, some studies suggest that patients with elevated plasma
ADMA and SDMA levels are at higher risk of CKD progression and incident
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atherosclerotic cardiovascular events (229, 230). However, this finding is not well
established and contradictory data exists (231). Circulating levels of ADMA are
regulated by its release from methylated proteins, glomerular filtration and enzymatic
degradation by DDAH. In patients with renal disease, the loss of DDAH activity
contributes more to elevated ADMA than does reduced glomerular filtration. Genetic
polymorphisms in DDAH-1 have been described that modify the activity of DDAH-1,
and DDAH-2 activity is affected by redox balance. Upregulation of ADMA levels
results in reduced nitric oxide generation, which underlies many of the clinical
symptoms related to renal diseases and their vascular complications.

Figure 1.10: ADMA regulation in Chronic Kidney Disease
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Patients with CKD treated by dialysis exhibit the highest SDMA concentrations before
a dialysis session. Investigators who studied 20 individuals undergoing chronic
hemodialysis reported that SDMA was efficiently removed during hemodialysis or
hemodiafiltration (232). In the same study, ADMA was removed less efficiently than
SDMA by both methods (by a mean of 35% and 40%, respectively) (232). Of note,
the mean level of L-arginine was not substantially decreased by hemodialysis (5%),
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although it was reduced by hemodiafiltration (26%). One study showed that
hemodialysis was barely able to eliminate ADMA when a closed hemodialysis system
was used (233).
1.2.5.2
1.2.5.2.1

Markers of Inflammation
C-Reactive Protein (CRP)

As traditional risk factors cannot alone explain the unacceptable high prevalence and
incidence of CVD in CKD, inflammation has been suggested to be a significant
contributor. CKD is a hyperinflammatory disease characterized by an irreversible
deterioration of renal function that gradually progresses to end-stage renal disease.
The causes of the highly prevalent state of inflammation in ESRD are multiple,
including decreased renal function, volume overload, comorbidity and intercurrent
clinical events, factors associated with the dialysis procedure and genetic factors.
Recent evidence suggests that several cytokine DNA polymorphisms may affect the
inflammatory state as well as outcome in ESRD patients. Dysfunction of the immune
system induced by the uremic milieu is considered to be the primary cause of
hyperinflammation in patients with CKD (234). Accumulation of uremic toxins can
have detrimental effects on health and lead to uremic syndrome, cardiovascular
disease, inflammation, and increased mortality (235, 236). Alterations in the immune
system in CKD by uraemia are associated with a state of immune dysfunction
characterized by immune-depression that contributes to the high prevalence of
infections among these patients, as well as by immune-activation resulting in
inflammation that may contribute to cardiovascular disease (234). Hypercytokinemia
is a typical feature of uremia. Accumulation of proinflammatory cytokines as a
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consequence of decreased renal elimination as well as oxidative stress, volume
overload, and comorbidities contributed to hypercytokinemia in patients with CKD.

Figure 1.11: CRP Mediated Effects on Atherosclerosis
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C-reactive protein (CRP) is the forerunner in the hunt for inflammatory markers and is
subject to intensive research in numerous studies worldwide. Unlike other markers of
inflammation, CRP levels are stable over long periods, have no diurnal variation, can
be measured inexpensively with available high-sensitivity assays (hs-CRP), and have
shown specificity in terms of predicting the risk of CAD (237). CRP belongs to the
pentraxin family of calcium dependent ligand-binding plasma proteins. The human
CRP molecule is composed of five identical non-glycosylated polypeptide sub- units
each containing 206 amino acid residues. The major part of the CRP present in the
plasma comes from the liver, where the synthesis of CRP is mainly regulated by
interleukin-6 (IL-6), which in turn is up-regulated by other inflammatory cytokines
such as IL-1 and tumor necrosis factor (TNF)- ∝. CRP is also produced locally in
atherosclerotic lesions by smooth muscle cells, lymphocytes and monocytic cells
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(238). Upon dissociation of its pentameric structure, CRP subunits undergo a
spontaneous and irreversible conformational change. The loss of the pentameric
structure of CRP results in modified or monomeric CRP (mCRP), which is a naturally
occurring form of CRP and it is a tissue-based rather than a serum-based molecule.
mCRP is less soluble than CRP and tends to aggregate, and it has been described to
induce mRNA of chemokines and the expression of adhesion molecules in human
cultured coronary artery endothelial cells (EC) (238). CRP may have a role in the
genesis of atherosclerotic lesion, since it reduces the expression of nitric oxide (NO)
synthetase and prostacyclin synthetase and binds LDL-C and promotes its uptake by
macrophages, a key step in atherogenesis. CRP also up-regulates the expression of
adhesion molecules on EC. All these phenomena are associated with atherogenesis
(239).
It has been shown that high-sensitivity C-reactive protein (hs-CRP) is elevated in
patients with CKD (240). CRP is associated with increased cardiovascular disease in
healthy middle-aged men and women (241-243). It is the same for people older than
65 years without renal insufficiency (244-246). CRP is an independent risk factor for
the development of atherosclerosis in patients on hemodialysis and peritoneal
dialysis (247-253). Furthermore, several studies indicate that CRP may be a predictor
of

adverse

clinical

outcomes

(cardiovascular

mortality,

all-cause

mortality,

hospitalization) in CKD (254-260).
As interventions directed towards traditional risk factors have, so far, not proven to be
very effective, controlled studies are needed to evaluate if various pharmacological
as well as non-pharmacological anti-inflammatory treatment strategies, alone or in
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combination, may be an option to affect the unacceptable high cardiovascular
mortality rate in this patient group.
1.2.5.2.2

Myeloperoxidase (MPO)

The phagocytic enzyme myeloperoxidase (MPO) acts as a frontline defender against
microorganisms. However, increased MPO levels have been found to be associated
with complex and calcified atherosclerotic lesions and incident cardiovascular
disease.
MPO uses hydrogen peroxide to oxidize chloride to the strong-oxidizing agent
hypochlorous acid, a toxic agent to various biomolecules such as lipoproteins and the
eNOS substrate L-arginine (261). Thus, MPO promotes LDL modifications through
various pathways such as the reaction between HOCl generated by MPO and
tyrosine residues of ApoB100, generation of reactive nitrogen species (RNS)
resulting in proatherogenic nitrosilated LDL, and MPO-catalyzed addition of
thiocyanate to the LDL leading to the formation of carbamylated LDL (cLDL) (262).
Additionally, MPO can oxidize NO to nitrite thus abolishing its protective properties on
the vascular wall (261).
Increased MPO levels have been found to be associated with complex and calcified
atherosclerotic lesions and incident cardiovascular disease. MPO levels correlate
with angiographic evidence of coronary atherosclerosis and cardiovascular events in
subjects with chest pain within the general population (263-265). Οxidised lipids are
important players in the initiation and progression of atherosclerotic changes. The
oxidation of LDL by HOCl generated in MPO-catalyzed reaction is thought to be a
proatherogenic event which precedes the formation of foam cells, a hallmark of
atherosclerotic plaque development.
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In a prospective case–control study in apparently healthy individuals, MPO predicted
future risk of CAD independent of other cardiovascular risk factors (266). MPO
concentrations were found to be elevated in patients with stable CAD (267), ACS
(268, 269), and acute MI (270, 271). MPO concentrations were further associated
with the severity of CAD (272) and with complex lesion morphology on angiography
(273). Furthermore, MPO–DNA complexes were positively associated with thrombin
generation and significantly elevated in patients with severe coronary atherosclerosis
or extremely calcified coronary arteries (274).
Myeloperoxidase can also participate in the destabilization of atherosclerotic plaques.
It has been shown that the products of the reaction catalyzed by MPO can induce
endothelial cell death, including apoptosis, leading to their subsequent desquamation
and erosion. They can also affect the expression of tissue factor (275).
In patients with end-stage CKD undergoing haemodialysis, serum MPO levels have
been found to correlate with ox-LDL, with levels of markers of inflammation and
prospective mortality risk (276-278). Interestingly, in haemodialysis patients, MPO
activity has been associated with aortic stenosis as well (279).
1.3

Aims and Hypotheses of this Thesis

CKD is associated with increased risk of CVD and CVD remains the most common
cause of morbidity and mortality in this group of patients. However, current invasive
and non-invasive diagnostic approaches are poorly predictive of future cardiovascular
events in patients with CKD. In this regard, some non-invasive tests that are both
safe and relatively accurate and which can risk stratify this population would be
valuable.
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1.3.1

Aims of this Thesis:

Chapter 3: To investigate the prognostic utility of OS-CMR imaging and FT-CMR
derived myocardial deformation properties in asymptomatic CKD patients with and
without DM.
Chapter 4: To evaluate the potential of T1 mapping at rest and during adenosine
stress as a novel method for ischaemia detection without the use of Gadolinium
contrast in patients with CKD.
Chapter 5: To compare the utility of OS-CMR imaging and Stress CMR T1 mapping
in the diagnosis of CAD in patients with CKD.
Chapter 6: The aim of this study is to compare CMR assessed PVAT volumes in
participants with and without CKD. Furthermore, the prognostic value (and the
possible paradox) of PVAT in predicting major adverse events in patients with CKD
was investigated.
Chapter 7: To investigate the relationship between biochemical markers of
endothelial dysfunction and myocardial oxygenation and perfusion response to
stress, using oxygen-sensitive cardiovascular magnetic resonance (OS-CMR) and
stress T1 mapping respectively in patients with CKD.
1.3.2

Hypotheses of this Thesis:

Chapter 3: The blunted myocardial oxygenation response to stress and abnormal
myocardial deformation in patients with CKD without known coronary artery disease
is an independent predictor of adverse events.
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Chapter 4: In patients with CKD, stress T1 response is impaired and can differentiate
between remote, ischaemic and infarcted segments.
Chapter 5: In patients with CKD, stress T1 response is a more accurate method of
diagnosing myocardial ischaemia than stress OS-CMR response.
Chapter 6: When compared to normal individuals, patients with CKD will have higher
epicardial fat volumes. Furthermore, lower PVAT would be a predictor of adverse
events in patients with CKD.
Chapter 7: In CKD patients, higher levels of ADMA and lower levels of HMA are
associated with worsening myocardial oxygenation and perfusion as assessed by
OS-CMR and stress T1 responses to stress.
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CHAPTER 2: METHODS

This chapter elaborates the general methodologies used in all the research studies.
2.1
2.1.1

Study Protocol
Ethics

The study protocol was approved by the Southern Adelaide Health Service/Flinders
University Human Research Ethics Committee (Ethics Number 380.10). All study
participants gave written informed consent.
2.1.2

Study Population

This has been described in the relevant chapters.
2.1.3

Preparation

All participants were screened for ensuring their MRI safety using a standard Flinders
Medical Centre MRI safety form (Figure 2.1A) or Cardiac Research and Imaging
Centre (CRIC) Safety Form (Fig 2.1B).
All metals and metallic objects were removed prior MRI scan. Intravenous
cannulation was

established beforehand. An

explanation of

breath-holding

commands was given at the start of the examination. Participants who were
claustrophobic or had implantable metals, pacemakers, defibrillators, cerebral
aneurysm clips were excluded. All participants were explained the effects of stress
adenosine. All participants had 12 Lead electrocardiogram (ECG) performed prior to
the CMR. This was done to rule out second and third-degree heart blocks.
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Figure 2.1: MRI Safety Forms. A, Flinders Medical Centre. B, CRIC
A
B

Four ECG electrodes for 1.5T machine (or three for the 3.0T machine) were placed
on the anterior chest wall. Coil configuration included a spine array coil embedded in
the scan table and a flex array coil placed over the patient’s anterior chest wall. A
foam wedge was placed under the patient’s knees for comfort. A baseline ECG, heart
rate and blood pressure were performed before the stress imaging.
2.2

CMR Image Acquisition 2.2.1 Multi Plane Localisers

The localisers and cine methods were employed as previously described (280).
Firstly, a set of multi-slices, multi-planar images were acquired. These comprised
axial, coronal and sagittal images acquired in a single breath-hold, on every
heartbeat, captured cycle for diastolic gating. The field of view (FOV) was adjusted in
the antero-posterior direction.
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Single shot Half-Fourier Single Shot Turbo Spin Echo (HASTE) with T2-weighted
black-blood technique was acquired with free breathing. Fast Imaging with Steady
Precession (TrueFISP or TRUFI) with white blood technique was acquired with free
breathing.

Figure 2.2: Sequence of images demonstrating the acquisition of the long axis and short axis planes for
cine imaging. Initially, multi-planar transverse localiser (A), in the plane indicated by the solid line in (A),
scout images are then performed in the vertical long axis (VLA) plane (B). The resultant VLA scout is
used to prescribe (as indicated by the solid line in B) the horizontal long axis (HLA) scout (C). Using the
HLA and VLA scouts, three short axis (SA) slices (D-F) are next acquired with the basal slice parallel to
the atrio-ventricular (AV) groove (indicated by 3 solid lines in C). Adapted from Selvanayagam et al
Cardiovascular Magnetic Resonance—Basic Principles, Methods and Techniques in Hybrid
cardiovascular Imaging Dilazian and Pohost (Eds) 2005 Blackwells Scientific Publications.

2.2.1.1

Two Chamber (Vertical Long Axis or VLA) Localiser

One slice was planned from the axial view parallel to the interventricular septum,
bisecting the left ventricle through the mitral valve and the apex (Figure 2.2B). It was
acquired with a single breath hold and captured cycle for diastolic gating. An example
of image acquisitions from a research participant was shown below.
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2.2.1.2

Four Chamber (Horizontal Long Axis or HLA) Localiser

One slice was planned from the VLA view, bisecting the left ventricle through the
mitral valve and the apex on a single breath hold, captured cycle for diastolic gating
(Figure 2.2C).
2.2.1.3

Short Axis (SA) Localiser

Three short axis slices were acquired using the VLA and HLA views with the most
basal slice parallel to the atrio-ventricular groove in both planes, perpendicular to the
long axis of the left ventricle, single breath hold with captured cycle (Figures 2.2D,
2.2E and 2.2 F).
2.2.2

Cine Imaging

Figure 2.3: To acquire HLA cine (C) the mid ventricular SA scout (A) is used to position the slice through
the maximum lateral dimensions of both ventricles and avoid the LVOT as illustrated by panels (A) and
(B). To acquire the VLA cine (E), the mid ventricular SA scout is again used and placed in the plane as
indicated in panel (D). Adapted from Selvanayagam et al Cardiovascular Magnetic Resonance—Basic
Principles, Methods and Techniques in Hybrid cardiovascular Imaging Dilazian and Pohost (Eds) 2005
Blackwells Scientific Publications.
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Cine images were acquired in VLA, HLA and ten SA images covering the entire left
ventricle, using a retrospective ECG gating steady-state free precession (SSFP)
sequence (repetition time (TR) 3 ms, echo time (TE) 1.5 ms, flip angle (FA) 55 ̊, 18
phases). All research participants underwent ventricular function imaging.
2.2.2.1

Two Chamber (Vertical Long Axis or VLA) Cine

One slice was planned parallel to the ventricular septum on a short axis view,
bisecting the left ventricle through the mitral valve and the apex on the HLA view
(Figure 2.3E).
2.2.2.2

Four Chamber (Horizontal Long Axis or HLA) Cine

Figure 2.4: To acquire LVOT cine (C) the most basal SA scout (B) is used to position the slice bisecting
the LVOT and posterolateral left ventricular wall and rotating the slice on the VLA cine (A) through the
apex of the heart. To acquire the LVOT cross-cut cine (E), the LVOT cine is used and placed in the plane
perpendicular to it through the aortic valve and into the proximal aorta as indicated in panel (D).

A

B

C

D

E
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One slice was planned to bisect the left ventricle through the mitral valve and the
apex on a VLA, bisecting the left and right ventricles on a SA view and rotated
through the apex (Figure 2.3C). It was acquired on a single breath hold with
retrospective gating.
2.2.2.3

Left Ventricular Outflow Tract (LVOT) Cine

One slice was planned to bisect the LVOT and posterolateral left ventricular wall on
the most basal short axis view, rotating the slice on the VLA view through the apex of
the heart (Figure 2.4C). It was acquired on a single breath hold with retrospective
gating.
2.2.2.4

Left Ventricular Outflow Tract (LVOT) Cross Cut Cine

The slice was positioned perpendicular to the LVOT cine through the aortic valve and
into the proximal ascending aorta (Figure 2.4E).
2.2.2.5

Short Axis (SA) Cine

Ten slices were planned from the VLA and HLA cines in end diastole perpendicular
to the long axis of the left ventricle in line with the atrioventricular groove, covering
from the mitral valve to the apex (Figure 2.5). Slice thickness was 8 mm with 2 mm
inter-slice gap.
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Figure 2.5: This demonstrates the resultant HLA (A), VLA (B) and short axis cine stack from base to apex
(bottom panel). Adapted from Selvanayagam et al Cardiovascular Magnetic Resonance— Basic
Principles, Methods and Techniques in Hybrid cardiovascular Imaging Dilazian and Pohost (Eds) 2005
Blackwells Scientific Publications.

2.2.3

Oxygen-Sensitive CMR (OS-CMR) Imaging

OS-CMR, also known as Blood Oxygen Level Dependent (BOLD) imaging was
acquired in a 3 Tesla MRI scanner (Siemens, 3T Trio, 4 channel Body Flex coil). The
participants were instructed to refrain from caffeine 24 hours prior to the scan. A
single midventricular slice was acquired at mid-diastole using a T2-prepared ECGgated SSFP sequence (TR 2.86 ms, TE 1.43 ms, T2 preparation time 40 ms, matrix
168 x 192, FoV 340 x 340 mm, slice thickness 8 mm, FA 44 ̊) [92]. If required,
frequency scout and shim adjustments were performed to minimise off-resonance
artefacts. A set of 4-6 OS-CMR images were acquired at rest during a single breathhold over six heart beats. Six stress OS-CMR images identical to the ones acquired
at rest were acquired at peak adenosine stress (140 μg/kg per minute) 90 seconds
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after initiation for at least 3 minutes. Stress heart rate and blood pressure were
obtained every minute of adenosine infusion. Each participant was questioned about
the occurrence of adenosine effects: chest pain or tightness, shortness of breath,
flushing, headache, and nausea. Figure 2.6 shows an example of a resting and
stress OS-CMR imaging in a CKD participant.

Figure 2.6: Example of OS-CMR imaging at rest (A) and after Adenosine Stress (B).

2.2.4

T1 mapping – ShMOLLI sequence

T1 mapping were performed on a 3-T clinical MR scanner (Siemens, Skyra), utilizing
the Shortened Modified Look-Locker Inversion recovery (ShMOLLI) sequence (129).
ShMOLLI T1-maps were based on 5-7 images with specific TI~100-5000 ms,
collected using SSFP readouts in a single breath-hold, typically: TR/TE~201.32/1.07
ms, flip angle=35°, matrix=192x144, 107 phase encoding steps, interpolated voxel
size=0.9x0.9x8 mm, cardiac delay time TD=500 ms; 206 ms acquisition time for
single image. Native T1 mapping were performed on 3 slices (basal, mid-ventricular
and apical) at mid-diastole with a complete rim of myocardium (basal slice) and LV
cavity visible (apical slice).
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During adenosine stress (140 μg/kg per minute), another set of 3 T1 maps were
acquired on slices corresponding to the rest images using the same protocol. The
images were acquired, while continuing adenosine stress, every 40 seconds starting
at 250 seconds after initiation. Stress heart rate and blood pressures were obtained
every minute of adenosine infusion. Each participant was questioned about the
occurrence of adenosine effects: chest pain or tightness, shortness of breath,
flushing, headache, and nausea.
2.3
2.3.1

CMR Image Analysis
Ventricular Volumes, Function and Mass

Ventricular volumes and function were analysed using CMR42 software on a cine SA
stack. The most basal slice was defined as the one with at least 50% of myocardium.
The end-diastolic phase was first identified which is the phase with largest left
ventricular cavity size. Using a mid-ventricular slice, the phases were advanced until
the end-systolic phase when the smallest cavity was reached. Endocardial and
epicardial contours were manually drawn on all slices in both the diastolic and
systolic phases (Figure 2.7).
The CVI42 software automatically calculated the volumes and mass (Figure 2.8). The
ventricular volumes and mass were indexed to body surface area (BSA). The septal
and lateral wall diameters were measured in end-diastole at mid- ventricular level
from short-axis view.
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Figure 2.7: End diastolic (A) and end-systolic (B) views with the left and right ventricular contours.
A

B

Figure 2.8: Example of volumetric and mass analysis by CVI42 software.
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2.3.2

OS-CMR Analysis

OS-CMR images were analysed after manually tracing the endocardial and epicardial
contours using CMR42 software, Version 4.1 - 5.9, Circle Cardiovascular Imaging
Inc. (Calgary, Canada). Analysis of OS-CMR SI were performed as previously
described (119). Each midventricular short-axis OS-CMR image was divided into 6
segments

(anterior,

anterolateral,

inferolateral,

inferior,

inferoseptal,

and

anteroseptal) according to the American Heart Association 17-segment model. The
CMR software measured Myocardial SI after manually tracing the endocardial and
epicardial contours.

Figure 2.9: OS-CMR Analysis using CVI42.

SI = SI0/(1-!e-TR/T1)

∆SI = (SISTRESS – SIREST)/SIREST X 100%

SI = Corrected signal intensity
SI0 = Mean SI (for each segment)
Determined empirically for
! = 0.59
this sequence
T1 = 1220 msec
TR = Image-dependent time between acquisition
of sections of k-space, governed by the heart
rate (replaced by the RR interval)
∆SI = Percentage change in corrected SI

}

The mean myocardial SI within each segment was obtained, both at rest and stress,
and corrected to variations in heart rate with the following equation as follows:
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SI = SI0 / (1 - βe-TR/T1)
where, T1= 1220 ms and β=0.59 (determined empirically for this sequence), SI0= the
measured signal intensity, SI= signal intensity corrected to heart rate, and TR is the
image-dependent time between acquisition of sections of k-space, governed by the
heart rate (replaced by the RR interval). The SI change was calculated as:
ΔSI = (SIStress – SIRest)/SIRest X 100%
where, SIRest = OS-CMR SI at rest, and SIStress = OS-CMR after adenosine stress.
2.3.3

CMR- Feature Tracking (FT-CMR) Analysis

Figure 2.10: Analysis of longitudinal strain by FT-CMR. A, LVOT view with segmental strain overlay. B, Plot
of segmental longitudinal strain against time. C, Peak regional longitudinal strain (AHA 16 segment model).
A

C

B

This was performed with CMR42 Version 5.9.1 (Circle Cardiovascular Imaging Inc,
Calgary, Canada). Using the Feature Tracking module, endocardial and epicardial
contours were traced in end-diastole using the 3-dimensional short-axis stack.
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Similarly, contours were traced in the 3 long axes cine images in end-diastole after
defining the extent of the left ventricular cavity. The anterior right ventricular insertion
point was marked on the short-axis slices. The software then calculated GLS semiautomatically. MD was then calculated as the standard deviation of the times to peak
segmental (AHA 17 segment model) longitudinal strain.
2.3.4

T1 map analysis

Figure 2.11: Analysis of T1 maps. A, Automatic segmentation of the short axis T1 map after manually
drawing the endocardial and epicardial contours. B, Regional T1 values (AHA 16 segment model).
A

B

CMR analysis was performed with CMR42 Version 5.9.1 (Circle Cardiovascular
Imaging Inc, Calgary, Canada). Myocardial T1 analysis was performed on the T1
maps acquired during rest and stress. The CMR software measured Myocardial T1
after manually tracing the endocardial and epicardial contours. The 3 short-axis T1
map images (basal, mid-ventricular and apical) were divided into 16 segments
according to the American Heart Association 17-segment model.

The mean

myocardial T1 within each segment was obtained, both at rest and stress. The T1
change was then calculated as:
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ΔT1 = (T1Stress – T1Rest)/T1Rest X 100%
2.3.5

Epicardial Fat Analysis

Epicardial fat is the adipose tissue that directly surrounds the heart (between the
myocardium and visceral layer of pericardium). Pericardial fat is located on the
external surface of the parietal pericardium. Paracardial fat refers to the combination
of epicardial and pericardial fat and denotes the total amount of fat surrounding the
heart. In this chapter, Periventricular Adipose Tissue (PVAT) is defined as the
paraventricular fat that surrounds the ventricles.

Figure 2.12: Analysis of periventricular fat on the diastolic phase of short axis cine views.

A

B

C

Image analysis was carried out using CMR42 Version 5.9.1 (Circle Cardiovascular
Imaging Inc, Calgary, Canada). Areas of PVAT were traced on consecutive end
diastolic short-axis images beginning with the most basal slice at the level of the
mitral valve and moving apically through the stack until the most inferior margin of
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adipose tissue was traced. PVAT fat areas were calculated, and volumes were
derived using a modified Simpson's rule.
2.4

Serum Biochemistry

All participants had blood samples collected for routine biochemistry, cell counts,
haemoglobin, troponin T, CRP, thyroid stimulating hormone (TSH), Parathormone
levels (PTH), iron studies and lipid studies. eGFR was calculated from serum
creatinine using the CKD-Epidemiological Collaboration Formula.
A further sample of blood was spun at 4000 rpm for 10 minutes at 4°C and the serum
collected and stored in a -80°C freezer for analysis of biochemical markers of
endothelial dysfunction. These samples were later thawed and analysed as follows.
20 μL of sample plasma, calibrator or QC was mixed with 20 μL internal standard
solution (containing 1 μM d6-ADMA, 1 μM d6-SDMA, 25 μM d7-citrulline, 2 μM d4homoarginine, and 100 μM d6-ornithine). Following the addition of 150 μL 0.1%
formic acid in methanol the sample was vortex mixed for 3 min at 2000 rpm to extract
the analytes. Centrifugation at 18,000g for 5 min precipitated the proteins. An aliquot
(5 μL) of the supernatant layer was injected onto an Atlantis HILIC column (2.1 x 150
mm, 3 μm, Waters, Sydney, Australia) for analysis. A gradient mobile phase
consisting of (A) 0.1% v/v formic acid in acetonitrile and (B) 10% v/v acetonitrile,
0.1% v/v formic acid and 10 mM ammonium formate in water was used at a flow rate
of 0.4 mL/min. The starting mobile phase was 95% A, 5% B which was varied linearly
over 16 min to 50 % A, 50% B then returned to the initial conditions and equilibrated
for 4 min prior to injection of the next sample. The mass spectrometer was run in
positive ionization mode with data collected using a Waters proprietary MSE data
acquisition method at low collision (3 V) and a high collision energy ramp (8-14 V).
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Parent or selected fragment ions were used for detection and quantification based on
their monoisotopic mass. The qToF Premier (Waters, Sydney, Australia) mass
spectrometer was run in positive ionisation mode with data collected using Waters
proprietary MSE data acquisition method. Mass spectrometer settings were as follow:
capillary voltage 3.0 kV, sampling cone voltage 24.0 eV, extraction cone voltage 5.0
eV, source temperature 100 °C, desolvation temperature 300 °C, cone gas flow 30
L/Hr, desolvation gas flow 400.0 L/Hr, MSE function 1 collision energy 3.0 V, MSE
function 2 collision energy ramp 8.0 – 14.0 V, collision Cell Entrance 2.0, collision
Exit -10.0, collision Gas Flow 0.60 mL/min. Parent or selected fragment ions were
used for detection and quantitation based on their monoisotopic mass. Retention
times, corresponding parent or fragment mass, MSE acquisition channel and QC
performance data (five independent determinations at each of two concentrations) for
each analyte are shown in Table 2.1.

Table 2.1: Analysis of Arginine metabolites.
Analyte

RT (min)

MSE
channel

Ion

m/z1

Int Std

QClow2
%CV

QChigh2
%CV

ADMA

11.93

1

parent

203.16

d6-ADMA

6.4

7.1

L-ARG

11.06

1

parent

175.13

d4-HMA

9.0

10.0

CIT

9.34

1

fragment

159.09

d7-CIT

6.1

4.0

HMA

11.15

1

parent

189.15

d4-HMA

1.6

1.4

L-NMMA

11.38

1

parent

189.15

d4-HMA

8.6

14.4

ORN

11.38

1

parent

133.11

d6-ORN

5.1

3.5

SDMA

11.75

1

parent

203.16

d6-SDMA

4.2

4.3

Legend: ADMA, asymmetric dimethylarginine; L-ARG, L-arginine; CIT, L-citrulline; HMA, Lhomoarginine; L-NMMA,NG –monomethyl-L-arginine; ORN, L-ornithine; SDMA, symmetric
dimethylarginine
1m/z for the positively charged analyte ion, that is [M+H]+, data was extracted with a mass
window of 0.05 Da
2QC
low and QChigh were prepared by spiking pooled human plasma (n=5) with a known amount
of analyte.
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CHAPTER

3:

PROGNOSTIC

UTILITY

OF

OXYGEN-SENSITIVE

CARDIOVASCULAR MAGNETIC RESONANCE (OS-CMR) IMAGING IN DIABETIC
AND NON-DIABETIC CHRONIC KIDNEY DISEASE (CKD) PATIENTS WITHOUT
KNOWN CORONARY ARTERY DISEASE.

3.1

Introduction

Patients with chronic kidney disease (CKD) exhibit an increased incidence of
cardiovascular disease (CVD), and cardiovascular mortality is about 10 – 30 times
higher when compared to the non-CKD population, despite stratification for diabetes
(9). Although renal transplantation significantly improves survival, CVD is still one of
the most frequent causes of death post-transplant and accounts for 35-50% of allcause mortality (40). The majority of the CKD patients with coronary artery disease
(CAD) are asymptomatic and have multi-vessel coronary disease(5). Assessment of
left ventricular function and CAD (both epicardial and microvascular dysfunction) is
essential to define cardiovascular risk in these patients.
Reduction in LVEF generally occurs late in heart failure (281). Changes in myocardial
deformation properties, such as Global Longitudinal Strain (GLS) and Myocardial
Dispersion (MD), can precede reduction in LVEF and therefore provide insights into
subclinical cardiac function in a variety of cardiac diseases (282, 283). Feature
Tracking CMR (FT-CMR) allows quantification of strain, analogous to speckle
tracking echo strain, using the standard steady-state free-precession (SSFP)
sequence for ventricular volume assessment. It is a feasible and highly reproducible
technique (284), and has been validated against CMR myocardial tagging (285, 286).
Furthermore, although identifying subclinical cardiac dysfunction, FT-CMR derived
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global strain and MD have been shown to predict adverse heart failure, and
arrhythmic outcomes in ischaemic (287-290) and non-ischaemic diseases of the
heart (290-292).
As outlined in chapter 1, current functional cardiac investigations are neither sensitive
nor specific for assessment of myocardial ischaemia in CKD patients. Blood Oxygen
Level Dependent CMR (BOLD-CMR), or Oxygen Sensitive CMR (OS-CMR), uses the
paramagnetic properties of deoxygenated haemoglobin as an intrinsic contrast so
that the transverse magnetisation or T2 time is increased when there is a drop in the
proportion of deoxyhaemoglobin and decreased when there is a rise in the proportion
of deoxyhaemoglobin. Myocardial deoxygenation or ischemia is characterized by a
net relative increase of deoxygenated haemoglobin in the capillary blood and thus
leads to T2 shortening, i.e. a drop in the OS-CMR Signal Intensity (DSI). OS-CMR
has moderate accuracy in detecting significant epicardial coronary artery disease
(125).
A recent study by our group utilising OS-CMR demonstrated significantly blunted
myocardial oxygenation response to stress in CKD patients with no known cardiac
disease when compared to healthy and hypertensive controls (127). In the current
study we examine the prognostic utility of OS-CMR imaging and FT-CMR derived
myocardial deformation properties in asymptomatic CKD patients with and without
DM. We hypothesized that blunted myocardial oxygenation response to stress and
abnormal myocardial deformation could be independent predictors of adverse events
in asymptomatic CKD patients.
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3.2
3.2.1

Methods
Study Population

79 participants with CKD were invited to participate at Flinders Medical Centre, a
tertiary teaching hospital in South Australia, in 2012 – 2017. 36 of these 79
participants had already been recruited and their CMR scans performed and
analysed as part of another study. The other 43 participants were recruited
prospectively. Patients were included if they had severe renal failure as defined by an
eGFR< 30 mL/min/1.73 m2, or were requiring dialysis, or had a previous renal
transplant with reasonable renal function (eGFR> 45 mL/min/1.73 m2). Patients were
excluded if they had standard MRI contraindications, asthma, second or third-degree
heart block, left ventricular ejection fraction (LVEF) < 45%, or clinical heart failure. All
participants gave written informed consent, and the study was approved by Southern
Adelaide

Clinical

Human

Research

Committee

(HREC/17/SAC/86).

All
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participants were prospectively followed for major adverse events (MAE), defined as
all cause death, myocardial infarction, ventricular arrhythmia and hospitalization for
pulmonary oedema.
3.2.2

Serum Biochemistry

All participants had blood samples collected for routine biochemistry, cell counts,
haemoglobin, troponin T, CRP, thyroid stimulating hormone (TSH), Parathormone
levels (PTH), iron studies and lipid studies. eGFR was calculated from serum
creatinine using the CKD-Epidemiological Collaboration Formula.
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3.2.3

CMR Protocol

All participants underwent scanning in a 3-T clinical MR scanner (Siemens, 3 T) and
were instructed to refrain from caffeine 24 hours prior to the scan. The scans were
performed with adenosine stress as previously described (127). Stress heart rate and
blood pressures were obtained every minute of adenosine infusion. Each participant
was questioned about the occurrence of adenosine effects: chest pain or tightness,
shortness of breath, flushing, headache, and nausea.
3.2.4

CMR Analysis

CMR analysis was performed with CMR42 Version 4.1 and later versions (Circle
Cardiovascular Imaging Inc, Calgary, Canada). Analysis of ventricular volumes, left
ventricular mass and OS-CMR SI were performed as previously described (119). The
OS-CMR ΔSI was calculated as:
ΔSI = (SIStress – SIRest)/SIRest X 100%
where, SIRest = OS-CMR SI at rest, and SIStress = OS-CMR after adenosine stress.
Using the Feature Tracking module, endocardial and epicardial contours were traced
in end-diastole using the 3-dimensional short-axis stack. Similarly, contours were
traced in the 3 long axes cine images in end-diastole after defining the extent of the
left ventricular cavity. The anterior right ventricular insertion point was marked on the
short-axis slices. The software then calculated GLS semi-automatically. MD was then
calculated as the standard deviation of the times to peak segmental (AHA 17
segment model) longitudinal strain.
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3.3

Statistical analysis

All analysis was performed using Stata 15.0 (StataCorp, college Station, Texas,
USA). Descriptive statistics are presented as mean +/- standard deviation for
normally distributed continuous variables, median (inter-quartile range) for skewed
continuous variables and as frequency (%) for categorical variables. Differences in
patient characteristics between those that experienced a MAE and those that did
were compared using independent t-tests and either chi-squared test of association
or Fishers Exact as appropriate.
Each subject follow-up time was from the date of enrolment into the study until April
2018 or the date of death. For patients that experienced one or more MAE, their
follow-up time was split according to the dates of the MAEs. We used Cox regression
to perform univariate and multivariate analysis and obtain hazard ratios for OS-CMR,
GLS and MD on MAE. Each subject was permitted to have multiple MAE events in
the analysis. Standard errors were adjusted for within-subject correlation using the
cluster(id) vce(robust) option in Stata. We tested the final multivariate model for the
assumption of proportional odds both overall and for each variable separately using
the proportional hazards test based on the Schoenfeld residuals. We also showed
the estimated survival rates by GLS and MD status using unadjusted Kaplan-Meier
curves that were categorised into binary variables with cut-points of -14% and 70
milliseconds respectively.
3.4

Results

Of the total of 79 patients, 32 patients had diabetes mellitus, 19 were receiving
dialysis and 10 patients had a previous renal transplant at study entry. The mean
follow-up was 2.7 years (range 0.3 to 7.2 years). A total of 15 (19%) patients had
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events. There was a total of 29 events, of which 21 events were observed in 12
diabetic patients. There were 9 deaths, 6 non-fatal myocardial infarcts, 1 ventricular
arrhythmia and 13 heart failure admissions.
Table 3.1 compares the baseline characteristics of patients who did and did not have
events. There was no significant difference between the two groups with regards to
age, sex or eGFR. There was a higher likelihood of patients experiencing events of
being diabetic (80% versus 31%; p= <0.01), being on dialysis (40% versus 20%; p=
0.17or having increased indexed left ventricular mass (88.2 ± 24.1 gm versus 62.2 ±
14.9 gm, p= <0.01). Furthermore, patients who had events had significantly impaired
GLS compared to those that did not (-14.6 ± 4.0 % versus -17.4 ± 3.6 %; p= <0.01).

Table 3.1 Comparison Between CKD Patients With and Without Major Adverse Events (MAE)
CKD patients without MAE
(n=64)

CKD patients with MAE
(n=15)

p-value

62.3 ± 12.6

66.2 ± 12.3

0.28

41 (64)

10 (67)

1.00

BMI (kg/m2)

29.2 ± 6.8

25.9 ± 4.7

0.08

eGFR (mL/min/1.73 m2)

23 ± 20.8

21.1 ± 18.6

0.73

Dialysis

13 (20)

6 (40)

0.17

Diabetes Mellitus

20 (31)

12 (80)

<0.01

LVEF (%)

68.9 ± 9.9

61.9 ± 13.7

0.03

LVMi (g/m2)

62.2 ± 14.9

88.2 ± 24.1

<0.01

GLS (%)

-17.4 ± 3.6

-14.6 ± 4.0

<0.01

113.2 ± 51.6

96.3 ± 28.9

0.23

Dyslipidemia

28 (44)

6 (40)

1.00

Smoking History

21 (33)

6 (40)

0.76

Anti-platelet Agent

11 (17)

0 (0)

0.11

Beta blocker

23 (36)

5 (33)

1.00

ACE inhibitor

18 (28)

1 (7)

0.10

Angiotensin Receptor Blocker

12 (19)

3 (20)

1.00

Calcium channel blocker

30 (47)

3 (20)

0.08

Statin

26 (41)

6 (40)

1.00

Age (years)
Male sex

MD (milliseconds)

Data are presented as n (%) or mean ± SD.
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3.4.1

Age, Co-morbidities and Serum Biochemistry

On univariate Cox regression analysis (Table 3.2), age and diabetes mellitus were
significant predictors of future adverse events while only a trend was noted for eGFR.

Table 3.2: Results of univariate Cox regression for adverse events in the CKD Patients
Hazard Ratio

95% CI

p-value

Age (years)

1.07

1.00 – 1.13

0.04

eGFR (mL/min/1.73 m2)

0.98

0.95 – 1.01

0.16

Diabetes Mellitus

5.63

1.60 – 19.87

0.01

LVMi (g/m2)

1.04

1.01 – 1.06

<0.01

LVEF (%)

0.92

0.87 – 0.97

<0.01

RVEF (%)

0.97

0.92 – 1.02

0.18

MD (milliseconds)

0.99

0.98 – 1.00

0.16

GLS (%)

1.27

1.10 – 1.45

<0.01

Negative OS-CMR ΔSI (%)

4.29

1.09 – 16.88

0.04

OS-CMR ΔSI (continuous variable) (%)

0.94

0.91 – 0.98

<0.01

Table 3.3 Results of multivariate Cox regression for adverse events in the CKD Patients
Hazard Ratio

95% CI

p-value

Age (years)

1.05

1.01 – 1.09

0.01

(g/m2)

1.03

1.01 – 1.05

0.01

LVEF (%)

0.94

0.87 – 1.01

0.06

eGFR (mL/min/1.73 m2)

1.01

0.98 – 1.04

0.48

GLS (%)

1.16

0.96 – 1.40

0.14

Negative OS-CMR ΔSI (%)

3.09

0.98 – 9.74

0.05

OS-CMR ΔSI (continuous
variable) (%)1
All Subjects
Subjects without Diabetes
Subjects with Diabetes

0.95
0.84
1.01

0.90 – 1.01
0.77 - 0.91
0.95 – 1.07

0.08
<0.01
0.76

LVMi

1There

was a significant SI change X Diabetes interaction (HR=1.16, 95% CI=1.05-1.27; p=<0.01).

On multivariate Cox regression analysis (Table 3.3), age and diabetes were
significant predictors whereas eGFR was not. There was a significant interaction
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between diabetes and OS-CMR ΔSI and this is described in more detail later. Higher
values of serum urea, creatinine, C-reactive protein, or being on dialysis did not
significantly increase risk.
3.4.2

CMR Ventricular volumes and mass

Indexed LV mass and LVEF were significant predictors of adverse events on
univariate analysis, while RVEF was not. On multivariate analysis, indexed LV mass
was an independent predictor of adverse events, while only a trend was noted for
LVEF.
3.4.3

Change in OS-CMR SI with Stress

Figure 3.1: Kaplan-Meier survival graph showing CKD patients with negative OS-CMR SI change values
had significantly higher major adverse events (MAE) rate compared to those with positive OS-CMR SI
change values (p=<0.01).

A

B

C

26% (12/47) of participants with negative OS-CMR ΔSI had adverse events versus
only 9% (3/32) of those with positive ΔSI (p=0.001). On univariate analysis, negative
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OS-CMR ΔSI was associated with adverse outcome (HR=4.29, 95% CI= 1.09-16.88,
p=0.04).
Figure 3.1 shows the estimated survival according to a positive ΔSI versus negative
ΔSI. Furthermore, SI as a continuous variable was also significantly associated with
adverse outcomes (HR=0.94, 95% CI= 0.91-0.98, p= <0.01).
During multivariate Cox regression analysis, an interaction term was introduced
between the OS-CMR ΔSI (as a continuous variable) and diabetes mellitus since this
was significant (HR=1.16, 95% CI=1.05-1.27; p=<0.01) (Table 3.3). Amongst
subjects without DM there was a significant protective effect of the OS-CMR ΔSI
(HR=0.84, 95% CI=0.77 – 0.91; p= <0.01) (Figure 3.2). However, amongst subjects
with DM, the effect OS-CMR ΔSI did not predict risk (HR=1.01, 95%CI=0.95-1.07;
p=0.76). Therefore, those with DM have a poor outcome and those without DM and
an impaired OS-CMR ΔSI also have poor outcome.

Figure 3.2: Estimated survival according to SI change (OS-CMR DSI) and presence or absence of DM from
multivariate Cox regression analysis after adjustment for age, GLS, LVEF, indexed LV mass and eGFR
(p=<0.01). OS-CMR DSI values used here are +10% and -10% which represent approximately 1 SD above
and 1 SD below the mean D OS-CMR respectively.

A

B

C

87

On multivariate analysis, negative OS-CMR ΔSI was an independent predictor of
future adverse events (HR=3.09, 95% CI= 0.98 – 9.78, p=0.05).
Table 3.4 compares the characteristics of the CKD patients with and without DM.
There was no significant difference between the age of the patients or the need for
dialysis in the two groups. Patients with diabetes had poorer renal function, increased
indexed LV mass and reduced LV systolic function as denoted by lower LVEF and
impaired GLS. Myocardial oxygenation response to stress, as measured by OS-CMR
ΔSI, was impaired in both groups. This impairment was worse in patients with DM
when compared to those without (OS-CMR ΔSI -1.8 ± 14.3 vs 4.1 ± 10.2, p= 0.04),
with the impairment being seen in all three coronary artery territories.

Table 3.4: Clinical Characteristics and CMR findings in CKD Patients With and Without DM
CKD patients without DM
(n=47)

CKD patients with DM
(n=32)

p value

Age (years)

63.1 ± 12.8

63.5 ± 12.3

0.89

eGFR

25.2 ± 23.6

18.5 ± 13.4

0.15

36 (77)

28 (88)

0.26

LVMi

60.8 ± 14.6

75.7 ± 22.3

<0.01

LV Ejection Fraction, %

69.3 ± 9.7

65.3 ± 12.3

0.11

12 (26)

7 (22)

0.79

GLS

-17.7 ± 3.7

-15.6 ± 3.7

0.02

MD

118 ± 58.5

102.2 ± 31.0

0.17

OS-CMR ΔSI (all territories)

4.1 ± 10.2

-1.8 ± 14.3

0.04

OS-CMR ΔSI (LAD territory)

5.1 ± 12.5

-1.2 ± 16.0

0.05

OS-CMR ΔSI (LCx territory)

4.9 ± 11.7

-2.8 ± 16.0

0.02

OS-CMR ΔSI (RCA territory)

2.2 ± 12.6

-1.4 ± 14.9

0.25

3 (6)

12 (38)

<0.01

Hypertension

Dialysis

Adverse Events
Data are presented as n (%) or mean ± SD.
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3.4.4

Feature Tracking CMR (FT-CMR) derived Global Longitudinal Strain
(GLS) and Mechanical Dispersion (MD)

FT-CMR derived GLS was significantly associated with adverse events (HR=1.27,
95% CI= 1.10-1.45, P=<0.01) on univariate analysis (Figure 3.3). Even though there
was a significant correlation between GLS and log MD (r=0.29, p=0.01), MD failed to
predict adverse events (HR=0.99, 95% CI= 0.98 – 1.00, p= 0.16). On multivariate
analysis, there was a trend noted for GLS to predict MAE (HR=1.16, 95% CI= 0.961.4, p=0.14).

Figure 3.3: Kaplan-Meier survival graph showing CKD patients with GLS > -14 had significantly higher major
adverse events (MAE) rate compared to those with GLS < -14 (p=<0.01).

A

B

C

3.5

Discussion

This is the first study to assess the ability of OS-CMR CMR to predict cardiac
prognosis in any population. Here it has been shown that in CKD patients, the
blunted myocardial oxygenation response to stress as assessed by the OS-CMR
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CMR technique is associated with adverse prognosis, driven by the predictive
capacity in the non-diabetic population. Specifically, in the non-diabetic population,
an impaired OS-CMR signal to stress was associated with a risk of a major adverse
event rate equivalent to the diabetic population. Our findings may have implications
for the future risk stratification of CKD patients.
Painless myocardial ischaemia occurs more commonly in the CKD patients
compared to individuals with normal renal function, and is associated with a higher
mortality rate in CKD patients (19). Epicardial and/or microvascular coronary disease
is often present in this population (20, 21) and can cause silent or asymptomatic
myocardial ischaemia (5, 6). Both microvascular and epicardial coronary diseases
are associated with a higher major adverse cardiac event rate (6, 22). Therefore,
there is a strong case for the investigation of this very high-risk group of patients
even before development of symptoms that suggest CAD. In this regard, a noninvasive test that can risk stratify this population would be valuable. Despite the need,
a non-invasive test for the accurate diagnosis of coronary artery disease in this highrisk CKD group, which is both sensitive and safe, is lacking. Current diagnostic
investigations of myocardial ischaemia have lower sensitivity and specificity in CKD
patients.
OS-CMR CMR technique using adenosine has the capability of detecting ischaemia
from both epicardial and microvascular coronary artery disease without the use of
gadolinium contrast and without issues of blunted chronotropic response. It exploits
the paramagnetic properties of deoxyhaemoglobin as an endogenous contrast agent,
with increased deoxyhaemoglobin content leading to signal reduction on T2weighted images (120). A previous prospective study assessing the diagnostic
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accuracy of OS-CMR in suspected CAD yielded an accuracy of 84%, a sensitivity of
92%, and a specificity of 72% for detecting myocardial ischemia and 86%, 92%, and
72%, respectively, for identifying significant coronary stenosis (125). We have
previously demonstrated impaired myocardial oxygenation response to stress in CKD
population without previously known epicardial CAD, irrespective of the degree of left
ventricular hypertrophy and the presence of diabetes mellitus (127). Patients with
both negative and positive OS-CMR SI Change values had similar degree of
epicardial CAD (as defined by stenosis of >50%), implying the involvement of
microvascular disease contributing to blunted myocardial oxygenation response and
poorer cardiac prognosis.
Myocardial ischaemia has been attributed to coronary steal in patients with multivessel CAD associated with significant reductions in blood flow to microvascular
collateral-dependent myocardium (293).

Our current study suggests that blunted

myocardial oxygenation to stress is predictive of future adverse cardiac events and is
consistent with previous studies that have demonstrated that abnormal myocardial
perfusion scintigraphy in CKD patients was associated with higher incidence of
cardiac events and mortality (30-36). Furthermore, myocardial perfusion PET derived
coronary flow reserve (CFR, defined as the ratio of peak to resting flow) has been
shown to be strongly associated with cardiovascular risk regardless of CKD severity
(29). The changes in CFR were detectable in stages 1-4 CKD without further
changes in stage 5 or dialysis dependant CKD. This may suggest that the cause of
microvascular dysfunction in CKD patients is associated with CKD rather than
associated with the effects of dialysis.
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Our findings in diabetic patients are similar to a recent study where it was shown that
patients with Type 2 DM had worse OS-CMR ΔSI when compared to non-diabetic
controls (BOLD ΔSI 7.3±7.8 vs 17.1 ±7.2). (294) In our study, the impairment is seen
to be worse in both the diabetic and non-diabetic groups and the likely cause for this
is the inclusion of patients with eGFR <30 mL/min/1.73m² in our cohort whereas this
was an exclusion criterion in the other study. The difference in the OS-CMR
oxygenation response between the diabetic and non-diabetic patients in our study is
not regional but involves all three coronary artery territories (see Table 4). Coronary
microvascular dysfunction and endothelial dysfunction in DM and CKD can lead to
both impaired resting global myocardial perfusion and a failure to increase coronary
blood flow during stress. This can explain the presence of multi-territory involvement
of oxygenation impairment in our study. It may be worthwhile to mention here that not
all the impairment in myocardial oxygenation in our diabetic group would be due to
the presence of diabetes per se, as associated conditions like worse renal function
and LVH can also result in myocardial oxygenation impairment independent of the
presence of diabetes.
Despite more deoxygenation to stress being seen in our diabetic cohort, OS-CMR SI
change was not a significant independent predictor of adverse events in these
patients. There can be several reasons to explain this finding. Diabetes itself is a very
strong risk factor for CAD and perhaps, when present, statistically overshadows the
importance of other physiological mechanisms contributing to CAD risk. Furthermore,
presence of diabetes was associated with worse renal function, increased indexed
LV mass, reduced LVEF and more impaired GLS. All of these can result in poor
clinical outcomes and therefore reduce the predictive capability of OS-CMR ΔSI as
an independent predictor of adverse events in this very complex group of patients.
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Due to the risk of nephrogenic systemic fibrosis with gadolinium contrast in patients
with severe renal dysfunction, gadolinium studies were not undertaken in the CKD
cohort who instead underwent FT-CMR strain evaluation as a measure of myocardial
fibrosis. Abnormal left ventricular (LV) geometry and functions are correlated with a
poor cardiovascular prognosis and detected frequently in CKD patients (295, 296).
Left ventricular ejection fraction is preserved in early-stage CKD, but systolic
deformation is abnormal, consistent with an adverse cardiovascular prognosis (297).
Worsening of renal function has been associated with a sub-clinical reduction of
systolic function as quantified by 2D strain analysis (298). Pathophysiologically, GLS
is a parameter that is measured at rest and is thought to mainly relate to replacement
fibrosis (scar) and/or interstitial fibrosis. MD is predominantly related to interstitial
fibrosis. OS-CMR SI change, on the other hand, is a parameter that is measured both
at rest and at stress and is thought to mainly relate to myocardial ischemia. Egred et
al have shown that scarred myocardium has lower stress OS-CMR response (299).
Therefore, scarred myocardium may result in both impaired GLS and reduced OSCMR SI change. In our study there was a weak correlation between OS-CMR and
GLS (r=-0.04, p= 0.72) and both were significant predictors of adverse events on
univariate analysis. However, our study also indicates that GLS was not an
independent predictor of adverse events on multivariate analysis whereas OS-CMR
ΔSI was (in the non-diabetic population) suggesting mechanisms independent of
myocardial scarring affecting the prognosis in these patients. As microvascular
dysfunction can affect the OS-CMR response but not GLS in these patients, this
would be the likely cause for the poor prognosis in these patients.
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3.5.1

Limitations

Due to the small sample size, these results are hypothesis-generating and therefore
need to be confirmed with larger studies. Secondly, CTCA or invasive coronary
angiogram was not performed (due to advanced renal failure) in our patient cohort
and therefore it may be possible that some patients might have had significant
undiagnosed CAD. However, care was taken during recruitment to exclude patients
with known CAD, positive other stress investigations and/or even symptoms
suggestive of CAD. Thirdly, the CKD patients were unable to have gadolinium
contrast due to the risk of nephrogenic systemic fibrosis, therefore late gadolinium
enhancement could not be performed. Non-contrast T1 mapping would have been
useful for assessing diffuse fibrosis, but unfortunately, this was not available at the
study centre at the time of commencement of study. Lastly, although image quality
was generally good, artefacts could not always be resolved with frequency and shim
adjustments and this could lead to reduced specificity.
3.6

Conclusion

This study confirms the hypothesis that blunted myocardial oxygenation response to
stress is an independent predictor of adverse events in non-diabetic patients with
CKD. This may lead to better detection of asymptomatic ischaemia in this high-risk
population, especially in the non-diabetic population, and perhaps improve overall
cardiac prognosis and survival in these patients. However, the question of whether
medical management or intervention is indicated in such CKD patients with
asymptomatic ischaemia, and whether it improves prognosis, needs to be answered
by prospective randomised controlled studies.
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3.7

Future Directions

This pilot study needs to be confirmed with larger, multi-centre studies, which may
allow inclusion of patients with less severe kidney disease into the study. Multi-centre
randomized control trials are needed to examine the short-term and long-term
outcome of medical versus revascularisation therapy in the renal failure population
with silent myocardial iscahemia.
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CHAPTER 4: GADOLINIUM FREE CARDIAC MAGNETIC RESONANCE (CMR)
STRESS T1 MAPPING IN PATIENTS WITH CHRONIC KIDNEY DISEASE (CKD).

4.1

Introduction

Cardiovascular disease is the leading cause of mortality in patients with chronic
kidney disease (CKD). Currently available functional tests to assess for myocardial
ischaemia are neither sensitive nor specific in CKD. Therefore, there is an unmet
need for a non-invasive test that is sensitive, specific and safe in this very high-risk
group of patients with CKD. In the previous chapter it was shown that in CKD
patients, the blunted myocardial oxygenation response to stress as assessed by the
OS-CMR technique is associated with adverse prognosis. This could be one such
method novel to investigate for possible CAD in this group of patients.
Recent studies have shown that T1 mapping, when used with a vasodilator stress,
can distinguish between normal, ischaemic, infarcted and remote (i.e. segments
without ischaemia or infarct in the heart of patients with diagnosed CAD) myocardium
without the need for gadolinium contrast agents (144). This method has subsequently
been validated against invasive coronary measures for the accurate detection and
differentiation between epicardial coronary artery disease and microvascular
dysfunction (145). This technique may also be of specific use in the chronic kidney
disease population where both epicardial coronary artery disease and microvascular
dysfunction are common and use of gadolinium-based contrast agents is not
preferred. T1 mapping technique may have a few advantages over OS-CMR. Firstly,
the method of stress T1 mapping described in the studies above used measurements
in three myocardial slices whereas OS-CMR measurements (described in chapter 3)
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were performed on one slice only. Secondly, T1 mapping can be performed on both
1.5T and 3T magnets and therefore can be widely available to all centres whereas
OS-CMR measurements require a 3T magnet which has limited availability.
In this chapter we aimed to evaluate the potential of T1 mapping at rest and during
adenosine stress as a novel method for ischaemia detection without the use of
Gadolinium contrast in patients with CKD. We hypothesized that in patients with
CKD, stress T1 response is impaired and can differentiate between remote,
ischaemic and infarcted segments.
4.2
4.2.1

Methods
Study Population

34 patients with CKD and 7 healthy age-matched controls underwent scanning in a
3-T MR scanner (Siemens, Skyra) between 2017 – 2019. Of the 34 patients, 14
patients had known CAD, as defined by presence of symptoms consistent with IHD
and either previous myocardial infarction or demonstrated myocardial ischaemia on
functional testing (exercise stress testing, stress echocardiography or nuclear
myocardial perfusion scan). The remainder 20 patients did not have diagnosed CAD
or symptoms to suggest CAD. Patients were included if they had severe renal failure
as defined by an eGFR< 30 mL/min/1.73 m2, or were requiring dialysis, or had a
previous renal transplant with reasonable renal function (eGFR> 45 mL/min/1.73 m2).
7 of the 20 patients without CAD were receiving dialysis and 1 patient was a previous
renal transplant recipient. 8 of the 14 patients without CAD were receiving dialysis
and none had received a renal transplant prior to the study. Standard MRI
contraindications, asthma, second or third-degree heart block, left ventricular ejection
fraction (LVEF) < 45%, and clinical heart failure were exclusion criteria.
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All participants gave written informed consent, and the study was approved by the
regional ethics committee (HREC/17/SAC/86).
4.2.3

CMR Protocol

All participants underwent scanning in a 3-T clinical MR scanner (Siemens, 3 T
Skyra) and were instructed to refrain from caffeine 24 hours prior to the scan. All
scans started with Half-Fourier single-shot turbo spin echo and Fast imaging with
steady precession localizers. Cine images were acquired in vertical and horizontal
long-axis, and 10 short-axis images covering the entire left ventricle, using a
retrospective ECG gating steady-state free precession (SSFP) sequence (repetition
time [TR] 3 ms, echo time [TE] 1.5 ms, flip angle 55°, 18 phases).
For T1 map imaging, the same method as that published by Liu et al (144, 145) was
used. In brief, 3 slices (basal, mid-ventricular and apical) were acquired at middiastole. Resting T1-maps (ShMOLLI) were acquired using 5-7 images with specific
TI = 100-5000 ms, collected using SSFP readouts in a single breath-hold, typically:
TR/TE= 201.32/1.07 ms, flip angle = 35°, matrix = 192x144, 107 phase encoding
steps, interpolated voxel size = 0.9 x0.9x8mm, cardiac delay time TD = 500 ms; 206
ms acquisition time for single image.
During adenosine stress (140 μg/kg per minute), T1 maps were acquired in the 3
slices corresponding to the rest images. The images were acquired, while continuing
adenosine stress, every 40 seconds starting at 250 seconds after initiation. Stress
heart rate and blood pressures were obtained every minute of adenosine infusion.
Each participant was questioned about the occurrence of adenosine effects: chest
pain or tightness, shortness of breath, flushing, headache, and nausea.
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4.2.4

CMR Analysis

CMR analysis was performed with CMR42 Version 5.9.1 (Circle Cardiovascular
Imaging Inc, Calgary, Canada). Left ventricular mass and left and right ventricular
volumes and functions were calculated using the 3-dimensional short-axis stack by
tracing the endocardial and epicardial contours in end-diastole and end-systole. Left
ventricular mass, left and right ventricular end-diastolic volumes, and end-systolic
volumes were indexed to body surface area.
Myocardial T1 analysis was performed on the T1 maps acquired during rest and
stress. The operator did not have the information regarding patient characteristics at
the time of analysis and therefore was blinded to this information. The CMR software
measured Myocardial T1 after manually tracing the endocardial and epicardial
contours. The 3 short-axis T1 map images (basal, mid-ventricular and apical) were
divided into 16 segments according to the American Heart Association 17-segment
model, with omission of the segment 17 which is the true apex of the heart and
cannot be assessed on the short axis.

The mean myocardial T1 (measured in

milliseconds, msec) within each segment was obtained, both at rest and stress. The
T1 change was then calculated as:
ΔT1 = (T1Stress – T1Rest)/T1Rest X 100%
Using the Feature Tracking module, endocardial and epicardial contours were traced
in end-diastole using the 3-dimensional short-axis stack. Similarly, contours were
traced in the 3 long axes cine images in end-diastole after defining the extent of the
left ventricular cavity. The anterior right ventricular insertion point was marked on the
short-axis slices. The software then calculated GLS semi-automatically. MD was then
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calculated as the standard deviation of the times to peak segmental (AHA 17
segment model) longitudinal strain.
4.2.5

Defining Segments

When using CMR, ischaemic segments should ideally be described as those with
perfusion abnormalities seen post gadolinium injection and infarcted segments
should be described as those with delayed gadolinium enhancement. However, due
to severe CKD, Gadolinium contrast was not administered. Hence, LGE was not to
be performed, and irreversibly injured myocardial segments were defined as regions
of myocardial thinning (end-diastolic wall thickness <6mm on cine CMR) with
associated wall motion abnormalities and/or ECG Q waves. This provides an
alternate, but clinically acceptable criteria for describing infarcted segments. CAD
patients were defined as those with previously known history of myocardial infarction,
known occlusive coronary artery disease on prior angiography and/or evidence of
significant myocardial ischemia. For the latter case, significant myocardial ischemia
was defined as those individuals with least moderate reversible myocardial ischaemia
on imaging functional stress testing (exercise stress echocardiography or cardiac
nuclear imaging) and/or those supplied by a major epicardial coronary artery with ≥
70% stenosis on a prior coronary angiogram. Remote myocardial segments were
defined as those with no demonstrable ischaemia or infarction.
4.3

Statistical Analysis

All analysis was performed using Stata 15.0 (StataCorp, college Station, Texas,
USA). Descriptive statistics are presented as mean +/- standard deviation for
normally distributed continuous variables, median (inter-quartile range) for skewed
continuous variables and as frequency (%) for categorical variables. Comparisons
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between groups were performed using 2-sided independent t-tests or Fishers Exact
test as appropriate. All p values <0.05 were considered significant. The betweenobserver variance and the within-subject variance were estimated using a random
intercept mixed-effects model. The between-observer CV was calculated using
(between-observer variance/mean) x 100 and the within-subject CV was calculated
using the (within-subject variance/mean) x 100.
4.4

Results

4.4.1

Baseline Characteristics

Table 4.1: Comparison Between CKD Patients With and Without CAD
All CKD patients
(n=34)

CKD patients without
CAD
(n=20)

CKD patients with
CAD
(n=14)

p-value1

61.4 ± 13.7

56.7 ± 14.7

68.2 ± 8.6

0.013

20 (59)

11 (55)

9 (64)

0.728

BMI (kg/m2)

31.6 ± 7.4

31.4 ± 8.1

31.9 ± 7.5

0.856

eGFR (mL/min/1.73 m2)

15.4 ± 8.9

14.3 ± 9.0

17.0 ± 8.5

0.385

Dialysis

15 (44)

7 (35)

8 (57)

0.296

Diabetes Mellitus

20 (59)

7 (35)

13 (93)

0.001

LVEF (%)

60.2 ± 11.6

62.4 ± 8.7

57.2 ± 14.6

0.202

LVMi (g/m2)

61.7 ± 19.0

61.4 ± 17.8

62.1 ± 21.2

0.918

5.2 ± 4.3

7.1 ± 4.1

2.6 ± 3.0

0.001

Dyslipidemia

10 (29)

5 (25)

5 (36)

0.704

Smoking History

6 (18)

4 (20)

2 (14)

1.00

Anti-platelet Agent

15 (44)

2 (10)

13 (93)

<0.001

Beta blocker

15 (44)

4 (20)

11 (79)

0.001

ACE inhibitor

8 (24)

5 (25)

3 (21)

1.00

Angiotensin Receptor
Blocker

9 (26)

4 (20)

5 (36)

0.435

Calcium channel blocker

15 (44)

11 (55)

4 (29)

0.171

Statin

22 (65)

10 (50)

12 (86)

0.066

Age (years)
Male sex

Δ T1 (%)

1For

the comparison between CKD patients with and without CAD.
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Of the 34 patients, 14 patients had known coronary artery disease, 20 patients had
diabetes mellitus, 15 were receiving dialysis, 29 patients were hypertensive, and 10
patients had dyslipidemia. Of the 14 patients with CAD, 7 patients had incomplete
revascularisation in the past (6 had coronary artery bypass grafting and 1 had
percutaneous coronary intervention with stent insertion).
Table 4.1 compares the baseline characteristics of CKD patients with and without
CAD. Patients with CAD were older, had worse GLS and higher eGFR. Importantly,
all patients with CAD had diabetes mellitus and were on treatment with anti-platelet
agents, beta blockers and statins. Very few patients without CAD were on such
treatment.
4.4.2

Myocardial T1 Reactivity

When compared to normal controls, patients with CKD had higher resting T1 values
(1202 ± 65 msec vs 1151 ± 50 msec, p= <0.001) and impaired ΔT1 (5.3 ± 5.8% vs
7.1 ± 3.8%, p= <0.001). Table 4.2 compares the T1 reactivity between the different
segment types in the normal and CKD population. Figure 4.1 and Figure 4.2 are the
graphical representation of the same data.

Table 4.2: T1 Reactivity in normal and CKD myocardial tissue
Normal
Controls

All CKD

CKD
(No CAD)

CKD
(with CAD)

Remote
Segments

Ischaemic
Segments

Infarcted
Segments

Rest T1
(msec)

1151 ± 50

1202 ± 65

1203 ± 69

1199 ± 59

1185 ± 50

1207 ± 57

1265 ± 88

Stress T1
(msec)

1233 ± 54

1266 ± 86

1292 ± 89

1230 ± 65

1221 ± 58

1237 ± 71

1260 ± 67

T1 Reactivity
(%)

7.1 ± 3.8

5.3 ± 5.8

7.2 ± 6.0

2.6 ± 4.2

3.0 ± 3.5

2.5 ± 4.6

-0.2 ± 5.8
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Figure 4.1: Myocardial T1 at Rest and During Adenosine Stress. T1 values at rest in normal and remote tissue
were similar and significantly lower than in ischemic regions. Infarct T1 was the highest of all myocardial tissue.
During adenosine stress, normal and remote myocardial T1 increased significantly from baseline, while T1 in
ischemic and infarcted regions remained relatively unchanged.
1350

1300

T1 (msec)

1250

1200

1150

1100

1050
Normals

CKD (All
patients)

CKD (No CAD)

Rest T1 (msec)

1151

1202

1203

1183

Stress T1 (msec)

1233

1266

1292

112

544

320

Number of Segments

Non-Diabetic
Diabetic
CKD (No CAD) CKD (No CAD)

CKD (CAD)

CKD (Remote )

CKD
(Ischaemic)

CKD (Infarct)

1233

1199

1185

1207

1265

1288

1298

1230

1221

1237

1260

192

128

224

118

91

15

CKD patients with CAD had significantly lower ΔT1 when compared to CKD patients
without CAD (2.6 ± 4.2% vs 7.2 ± 6.0%, p= <0.001). The resting T1 values for
remote, ischaemic and infarcted myocardium were 1185 ± 50 msec, 1207 ± 57 msec,
and 1265 ± 88 msec and ΔT1 values were 3.0 ± 3.5%, 2.5 ± 4.6%, and -0.2 ± 5.8%
respectively.

Figure 4.2: Relative T1 reactivity (ΔT1) in the remote and ischaemic myocardium were significantly
blunted compared to normal, and completely abolished in infarcted regions.
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Compared to the non-diabetic CKD patients without CAD, the diabetic CKD patients
without CAD had significantly higher resting T1 (1233 ± 60 msec vs 1189 ± 68 msec,
p<0.001) values and blunted stress T1 reactivity (5.3 ± 4.3 % vs 7.9 ±6.7, p<0.001).
4.4.3

Reproducibility

To assess the inter-observer variability of stress myocardial responses,
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myocardial segments (from 5 participants) were analysed by two experienced
observers. To assess intra-observer variability, one of these observers reanalysed
the 80 segments (at least 6 weeks after the initial analysis). Stress T1 mapping was
highly reproducible with low intra-observer and inter-observer variabilities (co-efficient
of variation 6.8% and 3.4%, respectively).
4.5

Discussion

This is the first study to assess Stress CMR T1 mapping in the diagnosis of
myocardial ischaemia in the CKD population. Here it has been shown that stress T1
reactivity is impaired in the CKD population. Furthermore, stress T1 was able to
distinguish between normal, ischaemic, infarcted and remote myocardium in the CKD
population without the need for gadolinium contrast agents. These findings are
similar, in all subgroups to that seen in a previous study (144) using the same
methodology in non-CKD patients. However, the ΔT1 values are lower in our study
likely due to significant microvascular disease in our advanced CKD patients.
Significantly higher resting T1 in ischemic myocardium compared to normal controls
and remote regions may help detection of ischemia without vasodilatory stress, in the
absence of other causes of T1 elevations at rest (136, 137, 139, 141, 300, 301).

104

The oxygen demand-supply mismatch which results in myocardial ischaemia is
governed by Myocardial Blood Flow (MBF) and Myocardial Blood Volume (MBV)
(302, 303). Increase in oxygen demand causes coronary arteriole vasodilatation and
capillary recruitment resulting in an increase in MBF (302). Higher MBF causes
increase in MBV. Approximately 10% of the myocardial voxel content is occupied by
blood volume, which therefore contributes to the myocardial T1 (134). Increased
myocardial T1 values act as a surrogate for increased myocardial water; hence
coronary vasodilatation, which increases MBV, is expected to prolong T1.
There are a few very important findings from this study that needs to be highlighted
(Table 4.3):
1. Patients with CKD had significantly higher resting T1 values compared to
normal volunteers (1202 ± 65 msec vs 1151 ± 50 msec, p<0.001) and lower
stress T1 reactivity (5.3 ± 5.8 % vs 7.1 ± 3.8 %, p<0.001). The likely reason for
the elevated baseline T1 findings in the CKD patients is interstitial myocardial
fibrosis or increased resting MBV due to CAD (microvascular or epicardial) or
a combination of the two processes. The lower stress T1 reactivity could be
due to CAD (microvascular or epicardial).
2. Even though the non-CAD patients with CKD had significantly higher resting
T1 values compared to normal volunteers (1203 ± 69 msec vs 1151 ± 50
msec, p<0.001), the stress T1 reactivity was similar (7.2 ± 6.0 % vs 7.1 ± 3.8
%, p=0.839). The reason for the elevated resting T1 is similar to above.
However, the finding of similar stress T1 reactivity in the 2 groups is difficult to
explain.
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3. Even though the CAD patients with CKD had similar resting T1 values
compared to non-CAD patients with CKD (1199 ± 59 msec vs 1203 ± 69
msec, p=0.469), the stress T1 reactivity was significantly impaired in the CAD
patients with CKD (2.6 ±4.2 % vs 7.2 ± 6.0 %, p<0.001) and the likely
explanation for this would be significant epicardial occlusive CAD in these
patients.
4. Non-diabetic CKD patients without CAD had significantly lower resting T1
values when compared to diabetic CKD patients without CAD (1183 ± 68
msec vs 1233 ± 60 msec, p<0.001) and higher stress T1 reactivity (8.5 ± 6.6
% vs 5.3 ± 4.3 %, p<0.001). CKD itself is associated with microvascular
dysfunction, but it seems these processes are more pronounced if the patient
additionally has diabetes.
5. When compared to ischaemic segments, remote segments had lower resting
T1 values (1185 ± 50 msec vs 1207 ± 57 msec, p=0.004) and only slightly
higher stress T1 reactivity (3.0 ± 3.5 % vs 2.5 ± 4.6 %, p=0.390). This
indicates the presence of significant interstitial myocardial fibrosis and
microvascular CAD in the remote segments of CKD patients with CAD.
6. Infarcted segments have the highest resting T1 values and no stress T1
reactivity. The obvious reason for this is replacement fibrosis after myocardial
infarction. When compared to ischaemic segments, infarcted segments had
significantly higher resting T1 values (1265 ± 88 msec vs 1207 ± 57 msec,
p=0.015) and lower stress T1 reactivity (-0.2 ± 5.8 % vs 2.5 ± 4.6 %, p=0.089).
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Table 4.3: T1 profiles of myocardial tissue based on rest and stress native T1 mapping.
Normal
Controls
Rest T1
(msec)

All CKD

CKD
(No CAD)

CKD
(with CAD)

Remote
Segments

Ischaemic
Segments

Infarcted
Segments

Normal

T1 Reactivity
(%)

In the previous chapter it was shown that the absolute change in the OS-CMR value
was a significant predictor of adverse outcomes in the non-diabetic CKD population.
It may be possible that this may hold true for stress T1 response too. Prognostic
importance of stress T1 mapping in CKD and other disease conditions such as
diabetes, hypertension, pulmonary hypertension, non-ischaemic cardiomyopathy,
ischaemic heart disease and other inflammatory/immune-mediated diseases would
be a very interesting area for future research.
4.5.1

Limitations

Our study has several limitations. Firstly, due to the small sample size, these results
are hypothesis-generating and need to be confirmed with larger studies. Secondly,
CTCA or invasive coronary angiogram was not performed (due to advanced renal
failure) in our cohort without diagnosed CAD and therefore possible that some
patients had significant undiagnosed CAD.
4.6

Conclusions

Adenosine stress and rest T1 mapping can differentiate between normal, infarcted,
ischemic, and remote myocardial tissue classes with distinctive T1 profiles.
Stress/rest T1 mapping with CMR holds promise for ischemia detection without the
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need for gadolinium contrast. This technique may be of specific use in CKD
population where coronary artery disease is common and is associated with poor
clinical outcomes, but the use of gadolinium-based contrast agents is not possible or
preferred.
4.7

Future Directions

This study paves the way for larger multi-centre studies to determine the wider
diagnostic, and perhaps prognostic, value of stress T1 mapping in the CKD
population to guide clinical decision-making and predict long-term prognosis. Larger
clinical and population-based studies would be useful to produce standardized
ranges for ΔT1, confirm our findings.
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CHAPTER 5: COMPARISON OF THE DIAGNOSTIC UTILITY OF NOVEL
GADOLINIUM-FREE CARDIOVASCULAR MAGNETIC RESONANCE STRESS
IMAGING METHODS IN PATIENTS WITH CHRONIC KIDNEY DISEASE

5.1

Introduction

Chronic kidney disease is associated with a higher incidence and prevalence of
coronary artery disease (both epicardial and microvascular) when compared to the
normal population. CVD is the most frequent cause of death in patients with
advanced CKD. Current functional tests for assessment of CAD has reduced
sensitivity and specificity in the CKD population. The presence of asymptomatic
myocardial ischaemia in CKD patients further complicates this problem.
Therefore, there is a need to develop novel methods of testing for CAD which is
feasible in the CKD population. The previous 2 chapters look at two such novel
techniques. In chapter 3 it has been shown that stress OS-CMR is impaired in CKD
patients without symptoms or diagnosis of CAD and can offer prognostic information.
In chapter 4 it has been shown that stress T1 reactivity is impaired in the CKD
population. There is a gradient of T1 reactivity impairment from normal when
compared to CKD patients without CAD and CKD patients with CAD, such that
rest/stress T1 mapping may help distinguish between remote, ischaemic and
infarcted myocardial segments in CKD patients without the use of Gadolinium based
contrast agents. Although both methods avoid Gadolinium chelate contrast, and use
IV adenosine vasodilatory stress, T1 mapping stress imaging uses 3 slices of the LV,
as opposed to stress BOLD CMR method which only uses one slice. Hence, T1
methods give better coverage of the LV and, at least theoretically, may be a superior
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diagnostic test in this population. No study has yet compared these 2 Gadolinium free
methods of stress CMR assessment in CKD. The aim of this study is to compare the
accuracy of these 2 methods in the diagnosis of coronary artery disease.
5.2

Methods

5.2.1

Study Population

19 patients with CKD and 7 healthy age-matched controls underwent scanning in a
3-T MR scanner (Siemens, Skyra) between 2017 – 2019. These were patients from
the cohort in chapter 4 who had some form of functional testing (exercise stress test,
stress echocardiography or nuclear myocardial perfusion scan) and/or invasive
coronary angiography reports available for comparison. Of the 19 patients, 14
patients had known CAD. The remainder 5 patients did not have diagnosed CAD or
symptoms to suggest CAD. Patients were included if they had severe renal failure as
defined by an eGFR< 30 mL/min/1.73 m2, or were requiring dialysis, or had a
previous renal transplant with reasonable renal function (eGFR> 45 mL/min/1.73 m2).
Standard MRI contraindications, asthma, second or third-degree heart block, left
ventricular ejection fraction (LVEF) < 45%, and clinical heart failure were exclusion
criteria.
All participants gave written informed consent, and the study was approved by the
regional ethics committee (HREC/17/SAC/86).
5.2.2

CMR Protocol

Cine imaging and stress OS-CMR and T1 imaging were performed as outlined in
Chapter 2.
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5.2.3 CMR Analysis
CMR analysis was performed with CMR42 Version 5.9.1 (Circle Cardiovascular
Imaging Inc, Calgary, Canada) as outlined in Chapter 2.
5.3

Statistical Analysis

All analysis was performed using Stata 15.0 (StataCorp, college Station, Texas,
USA). Descriptive statistics are presented as mean +/- standard deviation for
normally distributed continuous variables, median (inter-quartile range) for skewed
continuous variables and as frequency (%) for categorical variables. Comparisons
between groups were performed using 2-sided independent t-tests or Fishers Exact
test as appropriate. Logistic regression was used to assess the association between
each of the 2 tests (OS-CMR and T1) and the presence of CAD. The C-statistic was
used to assess the diagnostic accuracy of the test, and a comparison of the Cstatistics was used to determine whether OS-CMR or T1 change had greater
diagnostic accuracy than the other. Sensitivity and Specificity were reported using the
area-under the receiver operating curve. We also plotted the sensitivity and
specificity against the recorded change in each test from rest to ischaemia.
Reproducibility was assessed using the coefficient of variation (CV). The betweenobserver variance and the within-subject variance were estimated using a random
intercept mixed-effects model. The between-observer CV was calculated using
(between-observer variance/mean) x 100 and the within-subject CV was calculated
using the (within-subject variance/mean) x 100.
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5.4

Results

5.4.1

Baseline Characteristics

Of the total of 19 patients, 14 patients had CAD. Of the 14 patients with CAD,13 had
Type 2 diabetes mellitus, 8 were receiving dialysis, 7 patients had incomplete
revascularisation in the past (6 had coronary artery bypass grafting and 1 had
percutaneous coronary intervention with stent insertion). Of the 5 patients without
CAD, 2 had diabetes mellitus and 2 were receiving dialysis.

Table 5.1: Comparison Between CKD Patients With and Without CAD
p-value1

All CKD patients
(n=19)

CKD patients without
CAD
(n=5)

CKD patients with
CAD
(n=14)

63.2 ± 12.3

49.2 ± 10.5

68.2 ± 8.6

0.002

12 (63)

3 (60)

9 (64)

0.877

BMI (kg/m2)

31.9 ± 6.8

31.7 ± 4.8

31.9 ± 7.5

0.947

eGFR (mL/min/1.73 m2)

16.7 ± 9.3

15.8 ± 11.3

17.0 ± 8.5

0.831

Dialysis

10 (53)

2 (40)

8 (57)

0.052

Diabetes Mellitus

15 (79)

2 (40)

13 (93)

0.015

LVEF (%)

57.9 ± 12.9

58.4 ± 7.6

57.2 ± 14.6

0.819

LVMi (g/m2)

62.9 ± 18.4

65.2 ± 8.0

62.1 ± 21.2

0.650

Δ OS-CMR SI (%)

8.8 ± 6.8

11.2 ± 5.4

7.9 ± 7.2

0.300

Δ T1 (%)

3.7 ± 3.6

6.9 ± 3.5

2.6 ± 3.0

0.026

Dyslipidemia

7 (37)

2 (40)

5 (36)

0.877

Smoking History

3 (16)

1 (20)

2 (14)

0.757

Anti-platelet Agent

15 (79)

2 (40)

13 (93)

0.015

Beta blocker

11 (58)

0 (0)

11 (79)

0.003

ACE inhibitor

4 (21)

1 (20)

3 (21)

0.963

Angiotensin Receptor
Blocker

7 (37)

2 (40)

5 (36)

0.877

Calcium channel blocker

7 (37)

3 (60)

4 (29)

0.231

Statin

16 (84)

4 (80)

12 (86)

0.757

Age (years)
Male sex

1For

the comparison between CKD patients with and without CAD.
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Table 5.1 compares the baseline characteristics of CKD patients with and without
CAD. Patients with CAD were more likely to be older, diabetic and be on treatment
with anti-platelet agents, beta blockers and statins.
5.4.2

Correlation between Δ OS-CMR SI and Δ T1

There was a total of 114 segments analysed in the 19 CKD patients with 30
segments from the 5 patients in the ‘CKD without CAD group’ and 84 segments from
the 14 patients in the ‘CKD with CAD’ group. We performed both patient-type
analysis (using average OS-CMR SI and T1 values) and segment-type analysis
(using individual OS-CMR SI and T1 values).
There was no correlation found between resting OS-CMR SI and T1 values (Figure
5.1) on segment-type analysis (r=-0.03, p=0.66) or patient-type analysis (r=0.20,
p=0.25).

Figure 5.1: Correlation between Resting OS-CMR SI and Resting T1. A, Segment-type analysis and B, Patient-type
analysis. There was no correlation seen between resting OS-CMR and resting T1 on either type of analysis.

Again, no correlation was found between Δ OS-CMR SI and Δ T1 (Figure 5.2) on
segment-type analysis (r=0.07, p=0.31) or patient-type analysis (r=0.12, p=0.48).
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Figure 5.2: Correlation between Δ OS-CMR SI and Δ T1. A, Segment-type analysis and B, Patient-type analysis. There
was no correlation seen between Δ OS-CMR and Δ T1 on either type of analysis.

5.4.3

Predictive capacity of Δ OS-CMR SI and Δ T1 in diagnosing CAD in
CKD patients

Figures 5.3A and 5.3B show the Receiver Operating Curves (ROC) for Δ OS-CMR SI
and Δ T1 respectively. The area under the ROC curve (AUC), which is a measure of

Figure 5.3: ROC curves for Δ OS-CMR SI (A) and Δ T1 (B) in predicting CAD in CKD patients using
segment-type analysis. Δ T1 was a more accurate test than Δ OS-CMR SI (area under curve of 0.84 versus
0.65, p = 0.057) for diagnosis of coronary artery disease in CKD patients.

AUC=0.65

AUC=0.84
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how well the test distinguished between the two groups of patients (CKD without
CAD and CKD with CAD) was higher for Δ T1 compared to Δ OS-CMR SI (0.84
versus 0.65, p = 0.057).
Δ T1 was a better predictor of CAD in CKD patients (Odds ratio 0.63, 95%CI 0.460.88, p= 0.006) when compared to Δ OS-CMR (Odds ratio 0.93, 95%CI 0.84-1.03, p=
0.162) (Table 5.2). Therefore, for every unit fall in Δ T1, the likelihood of CAD
increased by 59%, while for every unit fall in Δ OS-CMR, the likelihood of CAD
increased by 7.5%.

Table 5.2: Predictive capacity of Δ OS-CMR SI and Δ T1 in predicting CAD in CKD
patients using segment-type analysis.
Odds Ratio

95% CI

p-value

Δ OS-CMR SI

0.93

0.84 – 1.03

0.162

Δ T1

0.63

0.46 – 0.88

0.006

5.4.4

Comparison of Δ OS-CMR SI and Δ T1 with other conventional
tests for myocardial ischaemia in CKD patients

We compared the ability of Δ OS-CMR SI and Δ T1 to detect CAD in CKD patients
with other conventional methods of assessment of coronary artery disease such as
Exercise Stress Echocardiogram (ESE), Dobutamine Stress Echocardiogram (DSE),
Nuclear stress test and Invasive Coronary Angiogram (Table 5.3 & Figure 5.4) using
region-type analysis (based on coronary artery territories).
When interpreting the results of ESE/DSE and nuclear stress tests, the test result
was called negative if there was no evidence for reversible myocardial ischaemia in
the myocardial segment, and positive if there was reversible myocardial ischaemia in
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Table 5.3: Comparison of Δ OS-CMR SI and Δ T1 with other conventional tests for myocardial
ischaemia in CKD patients. Coronary artery territories with combined test negative had
significantly higher Δ T1 values when compared to those with combined test positive. There was
no significant difference seen in the Δ OS-CMR SI values.
OS-CMR
Test

Result

n

Δ OS-CMR
SI (%)

Negative

16

7.9 ± 12.8

Positive

8

5.0 ± 7.7

Negative

17

9.7 ± 7.4

Positive

4

5.4 ± 2.2

Negative

6

5.6 ± 17.4

Positive

21

7.0 ± 7.9

Negative

24

9.5 ± 10.5

Positive

24

6.7 ± 7.4

ESE/DSE

Nuclear Scan

Coronary
Angiogram

Combined Test

T1 Mapping
p-value

Δ T1
(%)

p-value

6.2 ± 5.4
0.561

0.9 ± 2.3

0.016

5.2 ± 4.0
0.279

2.4 ± 4.6

0.237

2.0 ± 0.8
0.778

2.6 ± 2.7

0.630

5.6 ± 4.9
0.285

2.4 ± 2.9

0.009

that myocardial segment. When interpreting the results of invasive coronary
angiogram, the test result was called negative if the major epicardial coronary artery
supplying that myocardial segment had < 70% stenosis and positive if the major
epicardial coronary artery supplying that myocardial segment had ≥ 70% stenosis on
a prior invasive coronary angiogram. We also assessed the ability of Δ OS-CMR SI
and Δ T1 in differentiating between myocardial segments belonging to different
coronary artery territories with any one of the above tests positive versus those with
all tests negative.
Coronary artery territories with a negative DSE/ESE test had significantly higher Δ T1
values (Table 5.3) when compared to those with a positive DSE/ESE test (6.2 ± 5.4
vs 0.9 ± 2.3, p=0.016). However, Δ OS-CMR SI was not able to differentiate between
those two groups. Neither Δ OS-CMR SI nor Δ T1 was significantly different in
coronary artery territories with positive or negative results on nuclear stress test or
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invasive coronary angiography. Coronary artery territories with all test negative had
significantly higher Δ T1 values when compared to those with any test positive (5.6 ±
4.9 vs 2.4 ± 2.9, p=0.009). Again, Δ OS-CMR SI was not able to differentiate
between these two groups.
5.4.5

Sensitivity and specificity of Δ OS-CMR SI and Δ T1 in predicting
CAD in CKD patients

Figure 5.4A shows a plot of varying sensitivities and specificities of Δ OS-CMR SI in
the diagnosis of CAD in CKD patients versus varying Δ OS-CMR SI values. At a cutoff Δ OS-CMR SI value of about 8% the test was approximately 65% sensitive and
specific in distinguishing patients with and without CAD.
Figure 5.4: Plot of sensitivity/specificity versus test cut-off point for Δ OS-CMR SI (A) and Δ T1 (B) in predicting
CAD in CKD patients using patient-type analysis. Overall Δ T1 was approximately about 75% sensitive and
specific in diagnosing CAD at a cut-off value of about 4%, while Δ OS-CMR SI was only about 65% sensitive
and specific in diagnosing CAD at a cut-off value of about 8%.

Figure 5.4B shows a similar plot using Δ T1 values. The test was approximately 75%
sensitive and specific in distinguishing patients with and without CAD at a cut-off Δ
T1 value of about 4%.
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5.4.6

Test Reproducibility

Two experienced observers analysed ΔT1 in 5 subjects (80 myocardial segments).
Stress T1 mapping was highly reproducible with low intra-observer and inter-observer
variabilities (co-efficient of variation 6.8% and 3.4%, respectively).
The same observers analysed Δ OS-CMR SI in 8 subjects (48 myocardial segments)
who were scanned twice at two different time points. There was good interobserver
variability (co-efficient of variation 5.5%), but poor inter-scan variability (co-efficient of
variation 26.6%).
5.5

Discussion

The pathophysiology of CAD and myocardial ischaemia is complex and therefore,
before we discuss the results, it is important to understand what is measured by Δ
OS-CMR SI and Δ T1 in comparison to other conventional tests for detection of
myocardial ischaemia.
Progressive myocardial oxygen demand-supply mismatch during myocardial
ischaemia leads to a sequence of events, starting with myocardial perfusion
abnormalities and followed sequentially by metabolic alterations, wall motion
abnormalities, ECG changes, and angina. This is known as the ischaemic cascade.
The relative timings of the events assessed by the different diagnostic tests and the
underlying pathophysiological processes involved are shown in Figure 5.5 and Table
5.4.
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Figure 5.5: Progressive myocardial oxygen supply–demand mismatch leads to a sequence of events
which eventually results in the symptom of angina. Shown here are the relative timings of the events
assessed by the different tests for the assessment of myocardial ischaemia.

All

ESE

ESE
DSE

EST
ESE
DSE

OS-CMR
Stress T1 Mapping
Nuclear Scan
CMR Perfusion Scan

Exercise stress testing (EST) assessment depends on patient symptoms, ECG
changes and hemodynamic response, all of which occur late in the ischaemic
cascade. ESE and DSE findings are dependent on patient symptoms, ECG changes,
hemodynamic response and systolic wall-motion abnormalities, which too occur
relatively late in the ischaemic cascade. Nuclear perfusion scan and CMR based
stress perfusion scan measure the relative change in myocardial blood flow (MBF)
between rest and stress. Invasive coronary angiogram measures the narrowing in the
lumen of epicardial coronary arteries (either due to fixed plaque disease or reversible
coronary artery spasm). OS-CMR technique exploits the paramagnetic properties of
the body’s intrinsic contrast agent, haemoglobin. The transition from diamagnetic
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oxyhemoglobin to paramagnetic deoxyhemoglobin results in a change in magnetic
resonance signal intensity and thereby generates oxygen-dependent contrast.
Therefore, OS-CMR could be a more sensitive technique for detecting CAD as
ischemia is the initiator of the ischemic cascade. Myocardial blood volume (MBV)
constitutes ~10% of the total myocardial volume at rest (142) and may increase twofold during coronary vasodilatory stress (111, 143). Increased myocardial T1 values
act as a surrogate for increased myocardial water; hence coronary vasodilatation,
which increases MBV, is expected to prolong T1 and allow detection of microvascular
and myocardial blood volume changes during ischemia. MBV may relate better to
cardiomyocyte metabolism by reflecting changes in myocardial oxygen consumption,
which is a more reliable marker of cellular ischemia.
Table 5.4: Comparison of the pathophysiological mechanisms involved in the various tests for the assessment of myocardial ischaemia in the CKD
population.
EST

DSE

ESE

Nuclear
MPS

CT
Coronary
Angiogram

Invasive
Coronary
Angiography

CMR
Perfusion
Scan

ΔOS-CMR SI

Δ T1

✓

MBV

✓

MBF

✓

Tissue
Oxygenation

✓

Tissue
Perfusion

✓

Diastolic
Dysfunction

✓

✓

Systolic
Dysfunction

✓

✓

ECG
Changes

✓

✓

✓

✓

Angina

✓

✓

✓

✓

✓

✓

Coronary
Stenosis

✓

✓

FFR

✓

✓

✓

✓

✓

It is recognised that the interplay between myocardial ischaemia, perfusion, and
oxygenation in the setting of CAD is complex and that myocardial oxygenation and
perfusion may become dissociated. Karamitsos et al. found that 40% of myocardial
segments with stress myocardial blood flow below the cut-off of 2.45 mL/min/g did
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not show deoxygenation (119). It is tempting to speculate that the normal
oxygenation measurements seen in these segments with impaired perfusion indicate
the absence of true ischaemia in these territories despite reduced regional blood
flow. Arnold et al. studied the correlation between adenosine stress perfusion CMR
and adenosine OS-CMR and also confirmed that oxygenation and perfusion were not
strongly correlated (r= -0.26) (125).
The study described in this chapter extends these results further by showing that
tissue oxygenation and MBV (as assessed by Δ OS-CMR SI and Δ T1) correlated
poorly with myocardial blood flow (as assessed by nuclear perfusion scan). These
results are more dissociated than that seen in the aforementioned

studies that

examined perfusion and oxygenation, and the likely cause for this is our patient
group selection. In contrast to these prior studies, we studied patients with advanced
kidney disease where microvascular disease is very prevalent. Nuclear perfusion
scan or invasive coronary angiogram are less sensitive in detecting microvascular
ischaemia and therefore did not correlate well with Δ OS-CMR SI and Δ T1 which are
sensitive tests in this respect. There was better correlation seen between the novel
tests and ESE/DSE which, although occurring later in the ischaemic cascade, are
also sensitive to microvascular disease.
Both Δ OS-CMR SI and Δ T1 had moderate sensitivity and specificity (Table 5.5) and
comparable to other conventional tests for the detection of myocardial ischaemia in
CKD patients.
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Table 5.5: Comparison of the sensitivities and specificities of Δ OS-CMR SI and Δ T1 with other
conventional tests.
Δ T1

Test

EST

DSE

ESE

MPS

ΔOS-CMR SI

Sensitivity
(%)

36

80

Possibly
similar to DSE

69

65

75

Specificity
(%)

91

89

Possibly
similar to DSE

77

65

75

In this study Δ T1 seems to be a more accurate test than Δ OS-CMR SI in detecting
CAD in the CKD population. However, one should exercise caution while interpreting
the results of these tests, and it may even be possible that there is a degree of
complimentary information to be derived from the two tests, as there may be other
independent factors that influence the results from each of the two tests apart from
the common pathology of stress induced myocardial ischaemia. The presence of
diffuse interstitial fibrosis and resting myocardial ischaemia (i.e., higher MBV at rest
and resultant lower perfusion reserve) in CKD patients may have resulted in higher
resting T1 values and concomitant lower Δ T1 values. At the same time, CKD may be
associated with metabolic changes to avert ischaemia in the face of hypoperfusion
resulting in a down-regulation of energy requiring processes, such as that thought to
occur in hibernating myocardium. This may result in a degree of physiological reserve
that results in decreased tissue deoxygenation during hypoperfusion and therefore
apparent higher Δ OS-CMR SI values in the patient group with advanced CKD than
what would be expected. Furthermore, the high prevalence of balanced ischaemia in
the CKD patients might have influenced the results of one test more than the other.
Above discussed factors may also explain the poor correlation seen between resting
OS-CMR versus resting T1 and also Δ OS-CMR SI versus Δ T1 in these patients.
Furthermore, not only the accuracy but also the prognostic value of a test should be
considered when deciding on the appropriate choice of investigation for detection of
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CAD in CKD patients. It is important to note in this regard that in chapter 3 it was
seen that even though the Δ OS-CMR SI was significantly lower in CKD patients
(without CAD) with diabetes when compared to those without diabetes, Δ OS-CMR
SI was an independent predictor of adverse outcomes in the non-diabetic patients
but not in diabetic patients (304). At this time, prognostic data is lacking for Δ T1.
Therefore, it seems, the interpretation of these two tests may be more complex and
of more value in certain patient groups than in others.
As discussed in chapter 1, there is no consensus regarding the optimum choice of
investigation (or the ‘gold standard’) for the diagnosis of myocardial ischaemia in the
CKD population. Fractional flow reserve (FFR), which is a measure of ischaemiarelated increase in blood flow and therefore indicates the likelihood of a coronary
stenosis to cause myocardial ischaemia, was not performed as the use of contrast
agents were avoided. In the absence of such a gold standard, Δ OS-CMR SI and Δ
T1 have been compared to other tests like EST, ESE, DSE, nuclear scan and
invasive coronary angiography which themselves have reduced sensitivity and
specificity in the CKD population. Furthermore, the ability of these other tests and Δ
T1 to predict outcomes in the CKD population is not known. This prognostic ability of
a test should be considered more important than the correlation between the
diagnostic abilities of the tests when deciding on the optimum choice of investigation.
Larger studies assessing the diagnostic and prognostic ability of these tests are
needed before we can confirm that one test is better than the other.
5.5.1

Limitations

This study has a few limitations. Firstly, due to the small sample size, these results
are hypothesis-generating and therefore need to be confirmed with larger studies.
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Secondly, CTCA or invasive coronary angiogram with FFR was not performed (due
to advanced renal failure) in our cohort without diagnosed CAD and therefore it may
be possible that some of them might have had significant undiagnosed CAD.
However, care was taken while recruitment to exclude patients with known CAD or
even symptoms suggestive of CAD. Thirdly, in the absence of a gold standard
diagnostic test and prognostic information of the different tests in the CKD population
it is difficult to conclude on a definite choice of investigation for the diagnosis or
prediction of outcomes in this population.
5.6

Conclusions

Novel Gadolinium-free stress CMR techniques like T1 mapping and OS-CMR may be
of specific use in CKD population where coronary artery disease is common and is
associated with poor clinical outcomes but the use of gadolinium-based contrast
agents is not preferred. In these patients with CKD, stress T1 response seems to be
a more accurate method of diagnosing myocardial ischaemia than stress OS-CMR
response. However, the interpretation of these tests may be complex. Furthermore,
prognostic data is lacking for stress T1 mapping.
5.7

Future Directions

Our pilot study needs to be confirmed with larger, multi-centre studies, which may
allow including the comparatively larger cohort of patients with less severe kidney
disease into the study. Clinical outcome studies with stress T1 is lacking. Patients
with abnormal Δ OS-CMR SI or Δ T1 response could be randomised to preventive
treatment strategy versus current observation strategy with a view to follow-up the
cardiovascular outcomes over time.
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CHAPTER 6: VENTRICULAR PARACARDIAL FAT CONTENT IN CHRONIC
KIDNEY DISEASE (CKD) PATIENTS

6.1

Introduction

Excess adiposity is

associated with increased cardiovascular risk (146). More

important than the total amount of adipose tissue is the location of adipose tissue.
Previous studies have shown that central (trunk and abdomen) as opposed to
peripheral (hips and thighs) adipose tissue confers the greatest cardio-metabolic risk
and therefore waist-to-hip ratio is a better predictor of cardiovascular disease than
Body Mass Index (BMI) (148-150). However, this measurement of general obesity is
not always associated with increased cardiovascular risk (151) as some people with
abnormal waist-to-hip ratio may have a low cardiovascular risk and vice versa.
Therefore, a regional fat content with a more accurate risk prediction capability is
warranted.
Epicardial fat is the adipose tissue that directly surrounds the heart (between the
myocardium and visceral layer of pericardium) and is in direct contact with the
coronary vasculature. Pericardial fat is located on the external surface of the parietal
pericardium. Periventricular adipose tissue is defined as the pericardial tissue around
the ventricles. Most of the pericardial fat in adults is located in the interventricular
groove, atrio-ventricular groove and the ventricles. Therefore, periventricular
epicardial adipose tissue accounts for almost all the pericardial adipose tissue.
Epicardial fat can be difficult to distinguish from pericardial fat on CMR cine images.
Paracardial fat refers to the combination of epicardial and pericardial fat and denotes
the total amount of fat surrounding the heart. This is much easier to measure. In this
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thesis, Paraventricular Adipose Tissue (PVAT) is defined as the total amount of fat
that surrounds the ventricles.
Increased epicardial fat volume has been implicated in coronary artery disease (148,
163-182), atrial fibrillation (183, 184) and adverse cardiovascular outcomes (185187). In another study, coronary flow reserve was shown to significantly correlate
with periventricular adipose tissue independent of cardiovascular risk factors, but not
with the total epicardial adipose tissue volume.
Two in three (63%) of Australians are overweight or obese and the prevalence is
expected to increase exponentially over the next decade (305). This growing national
health crisis has implications for kidney disease as obesity is a potent risk factor for
both the development and progression of kidney disease. One-third of chronic kidney
disease cases in Australia could be related to excess weight (306). Being obese
doubles the risk of developing CKD compared to someone who has a healthy body
weight, while overweight people increase their risk of developing CKD by 1.5 times
(306). Obesity also indirectly impacts on CKD via the mediating effect on increasing
the risk of developing diabetes and high blood pressure, which are the two most
common causes of end-stage kidney disease in Australia (1). In patients with ESKD
an “obesity paradox” has been reported, i.e. a higher body mass index (BMI) is
paradoxically associated with better outcomes (200, 307-309). It is not known if this
paradox relationship seen with BMI extends to the paracardiac fat content in the CKD
population.
The aim of this study is to compare CMR assessed PVAT volumes in participants
with and without CKD. Furthermore, the prognostic value (and the possible paradox)
of PVAT in predicting major adverse events in patients with CKD was investigated.
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The hypothesis is that when compared to normal individuals, patients with CKD will
have higher epicardial fat volumes. Furthermore, lower PVAT would be a predictor of
adverse events in patients with CKD.
6.2
6.2.1

Methods
Study Population

84 patients with CKD and 13 healthy age-matched controls underwent scanning in a
3-T MR scanner (Siemens, Trio or Skyra) between 2012 – 2019. Patients were
included if they had severe renal failure as defined by an eGFR< 30 mL/min/1.73 m2,
or were requiring dialysis, or had a previous renal transplant with reasonable renal
function (eGFR> 45 mL/min/1.73 m2). Standard MRI contraindications, asthma,
second or third-degree heart block, left ventricular ejection fraction (LVEF) < 45%,
and clinical heart failure were exclusion criteria.
All participants gave written informed consent, and the study was approved by
Southern Adelaide Clinical Human Research Committee (HREC/17/SAC/86).
Figure 6.1 shows the distribution of recruited participants into different cohorts. Of the
13 normal controls (Non-CKD Cohort), none had diagnosed CAD. Of the 84 patients
(CKD Cohort), 14 patients had known CAD. The remainder 70 patients did not have
diagnosed CAD or symptoms to suggest CAD at the time of recruitment. Six of these
70 patients were diagnosed with myocardial infarction and significant CAD within 1
year of their recruitment into the study, thus increasing the total number of CKD
patients with CAD to 20 (CKD with CAD Cohort). Therefore, there were total of 64
CKD patients remaining without CAD at the end of 1 year after recruitment (CKD
without CAD Cohort). 61 patients, all without CAD at the time of recruitment (CKD

127

Follow-up Cohort) and recruited prior to March 2018, were prospectively followed for
major adverse events (MAE), defined as all cause death, myocardial infarction,
ventricular arrhythmia and hospitalization for pulmonary oedema.

Figure 6.1: Flowchart showing the distribution of 109 recruited participants into the different cohorts.
109 Recruited
Participants
Non-CKD Cohort
(n=13)

13 Normal Participants

14 Participants
with CAD at
Recruitment

70 Participants
without CAD at
Recruitment

CKD Follow-up
Cohort (n=61)

61 Participants
recruited before
March 2018

57 Participants did
not have MI within 1
year of recruitment

4 Participants had
MI within 1 year of
recruitment

9 Participants
recruited after
March 2018

7 Participants did not
have MI within 1 year
of recruitment

CKD without CAD
Cohort (n=64)

6.2.2

CKD Cohort
(n=84)

84 CKD Participants

2 Participants had
MI within 1 year of
recruitment

CKD with CAD
Cohort (n=20)

CMR Protocol

All participants underwent scanning in a 3 Tesla clinical MR scanner (Siemens, 3T
Trio and Skyra). Cine imaging, rest/stress OS-CMR imaging and rest/stress T1
imaging were performed as described in chapter 2.
6.2.3

CMR Analysis

PVAT volumes, OS-CMR and T1 maps were analysed offline using proprietary
software (CVI 42, version 5.9.1) as described in chapter 2.
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6.3

Statistical analysis

All analysis was performed using Stata 15.0 (StataCorp, college Station, Texas,
USA). Descriptive statistics are presented as mean +/- standard deviation for
normally distributed continuous variables, median (inter-quartile range) for skewed
continuous variables and as frequency (%) for categorical variables. Differences in
patient characteristics between those that experienced a MAE and those that did
were compared using independent t-tests and either chi-squared test of association
or Fishers Exact as appropriate. Reproducibility was assessed using the coefficient of
variation (CV). The between-observer variance and the within-subject variance were
estimated using a random intercept mixed-effects model. The between-observer CV
was calculated using (between-observer variance/mean) x 100 and the within-subject
CV was calculated using the (within-subject variance/mean) x 100.
Each subject follow-up time was from the date of enrolment into the study until April
2018 or the date of death. For patients that experienced one or more MAE, their
follow-up time was split according to the dates of the MAEs. Cox regression was
used to perform univariate and multivariate analysis and obtain hazard ratios for OSCMR, GLS and MD on MAE. Each subject was permitted to have multiple MAE
events in the analysis. Standard errors were adjusted for within-subject correlation
using the cluster(id) vce(robust) option in Stata. The final multivariate model was
tested for the assumption of proportional odds both overall and for each variable
separately using the proportional hazards test based on the Schoenfeld residuals.

129

6.4

Results

6.4.1

Baseline Characteristics

Table 6.1 compares the baseline characteristics of the CKD and non-CKD Cohorts.
CKD patients had higher indexed left ventricular mass and lower eGFR. Age, gender,
BMI, presence of hypertension and left ventricular ejection fraction were not
significantly different between the 2 groups. Of the total of 84 CKD patients, 45
patients had diabetes mellitus, 71 were hypertensive, 24 were receiving dialysis and
11 patients had a previous renal transplant at study entry.

Table 6.1 Comparison Between CKD cohort and Non-CKD cohort
Normal Cohort
(n=13)

CKD cohort
(n=84)

p-value

60.1 ± 11.2

64.1 ± 12.7

0.287

8 (62)

55 (65.4)

0.765

25.6 ± 3.1

29.8 ± 6.9

0.034

Dialysis

0 (0)

24 (28.6)

0.034

Diabetes Mellitus

0 (0)

45 (53.6)

<0.001

LVEF (%)

67.9 ± 6.4

64.3 ± 11.9

0.29

LVMi (g/m2)

50.5± 8.7

65.6 ± 18.8

0.006

176.8 ± 83.0

225.2 ± 113.9

0.145

Dyslipidemia

0 (0)

33 (39.3)

0.004

Hypertension

0 (0)

71 (84.5)

<0.001

Anti-platelet Agent

0 (0)

24 (28.6)

0.034

Beta blocker

0 (0)

35 (41.7)

0.003

ACE inhibitor

0 (0)

19 (22.6)

0.067

Angiotensin Receptor Blocker

0 (0)

23 (27.4)

0.034

Calcium channel blocker

0 (0)

38 (45.2)

0.001

Statin

0 (0)

46 (54.8)

<0.001

Age (years)
Male sex
BMI (kg/m2)

PVAT

Data are presented as n (%) or mean ± SD.

Table 6.2 compares the baseline characteristics of non-CKD cohort, CKD without
CAD cohort and CKD with CAD cohort. There was a significant difference between
the groups with regards to indexed left ventricular mass and a trend noted for
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differences between the groups with regards to age and PVAT. Gender and BMI was
not significantly different between the 3 groups.

Table 6.2 Comparison Between Non-CKD Participants and CKD Patients With and Without
Coronary Artery Disease (CAD)
Normal Cohort
(n=13)

CKD without CAD
Cohort (n=64)

CKD with CAD
Cohort (n=20)

p-value

60.1 ± 11.2

62.8 ± 13.3

68.8 ± 9.9

0.096

8 (62)

43 (67)

12 (60)

0.81

25.6 ± 3.1

29.8 ± 6.8

29.7 ± 7.4

0.109

Dialysis

0 (0)

13 (20)

11 (55)

0.001

Diabetes Mellitus

0 (0)

28 (44)

17 (85)

<0.001

LVEF (%)

67.9 ± 6.4

65.3 ± 10.7

60.6 ± 14.8

0.148

LVMi (g/m2)

50.5± 8.7

64.8 ± 16.7

67.8 ± 24.7

0.018

176.8 ± 83.0

218.4 ± 124.1

245.1 ± 61.2

0.22

Dyslipidemia

0 (0)

25 (39)

9 (45)

0.008

Hypertension

0 (0)

55 (86)

16 (80)

<0.001

Anti-platelet Agent

0 (0)

10 (16)

12 (60)

<0.001

Beta blocker

0 (0)

21 (31)

11 (55)

0.002

ACE inhibitor

0 (0)

15 (23)

2 (10)

0.091

Angiotensin Receptor
Blocker

0 (0)

16 (25)

4 (20)

Calcium channel blocker

0 (0)

30 (47)

3 (15)

<0.001

Statin

0 (0)

30 (47)

13 (65)

<0.001

Age (years)
Male sex
BMI (kg/m2)

PVAT (ml)

0.116

Data are presented as n (%) or mean ± SD.

61 CKD patients were followed up for a mean of 2.1 years. A total of 10 (16.4%)
patients had events. There was a total of 15 events, of which 13 events were
observed in 9 diabetic patients. There were 5 deaths, 4 non-fatal myocardial infarcts,
6 heart failure admissions and no ventricular arrhythmias. Table 6.3 compares the
baseline characteristics of patients who did and did not have events. There was no
significant difference between the two groups with regards to age, sex, eGFR or
being on dialysis. There was a higher likelihood of patients experiencing events to be
diabetic (90% versus 39.2%; p = 0.004) and have increased indexed left ventricular
mass (84.5 ± 20.6 gm versus 63.4 ± 16.7 gm, p = 0.003).
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Table 6.3 Comparison Between CKD Patients With and Without Major Adverse Events (MAE)
CKD patients without MAE
(n=51)

CKD patients with MAE
(n=10)

p-value

62.6 ± 13.5

67.4 ± 10.5

0.214

33 (65)

7 (70)

0.749

BMI (kg/m2)

30.2 ± 7.1

24.9 ± 4.5

0.003

eGFR (mL/min/1.73 m2)

15.6 ± 7.6

20.7 ± 15.6

0.316

Dialysis

10 (20)

4 (40)

0.164

Diabetes Mellitus

20 (39)

9 (90)

0.004

LVEF (%)

67.1 ± 10.4

62.8 ± 14.6

0.378

LVMi (g/m2)

63.4 ± 16.7

84.5 ± 20.6

0.003

221.6 ± 123.6

198.9 ± 55.3

0.360

Dyslipidemia

22 (43)

4 (40)

0.857

Hypertension

43 (84)

6 (60)

0.384

Anti-platelet Agent

11 (22)

0 (0)

0.107

Beta blocker

17 (33)

5 (50)

0.325

ACE inhibitor

14 (28)

1 (10)

0.244

Angiotensin Receptor Blocker

12 (24)

3 (30)

0.665

Calcium channel blocker

26 (51)

2 (20)

0.074

Statin

24 (47)

5 (50)

0.868

Age (years)
Male sex

PVAT (ml)

Data are presented as n (%) or mean ± SD.

6.4.2

Paraventricular Adipose Tissue volumes in participants with and
without CKD

Although PVAT volume was higher in the CKD patients compared to the non-CKD
volunteers (Figure 6.2), this difference did not reach statistical significance (225.2 ±
113.9 mls versus 176.8 ± 83 mls, p = 0.145) and there was only a trend noted.
Furthermore,

PVAT volume was elevated in the CKD patients with CAD when

compared to the CKD patients without CAD (Figure 6.2) but this difference also did
not reach statistical significance (245.1 ± 61.2 mls versus 218.4 ± 124.1 mls, p =
0.358).
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Figure 6.2: Comparisons of Paraventricular Adipose Tissue (PVAT) volume between non-CKD and CKD
cohorts (A) and CKD without and with CAD cohorts (B).
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Paraventricular Adipose Tissue volumes in CKD patients with and
without major adverse events (MAE)

PVAT volume was noted to be lower in the patients experiencing adverse events
(Table 6.3) but this did not reach statistical significance (198.9 ± 55.3 mls versus
221.6 ± 123.6 mls, p = 0.360).
6.4.4

Association between Paraventricular Adipose Tissue (PVAT)
volume in the CKD Cohort and patient baseline characteristics: Age,
Gender,

BMI,

Renal

Function

(eGFR),

Diabetes

Mellitus,

Hypertension, Dialysis and Troponin T (TnT).
In the CKD cohort, the PVAT volume was significantly higher in the males when
compared to females (243.4 ± 113.5 mls versus 185.9 ± 104.1 mls, p = 0.026). PVAT
was not significantly influenced by diabetes mellitus, hypertension or dialysis (Figure
6.3).
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Figure 6.3: Influence of gender (A), diabetes mellitus (B), hypertension (C) and dialysis (D) on
Paraventricular Adipose tissue (PVAT) volume in the CKD cohort (84 patients).
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In the CKD cohort, there were good correlations seen between PVAT and BMI
(r=0.494, p<0.001) and between PVAT and age (r=0.322, p=0.003). There were no
significant correlations seen between PVAT and renal function (eGFR) or Troponin T
(Figure 6.4).
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Figure 6.4: Correlation between Peri-Ventricular Adipose Tissue (PVAT) and age (A), BMI(B), eGFR (C)
and Troponin T (D).
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Association between Paraventricular Adipose Tissue (PVAT)
volume in the CKD Cohort and CMR derived parameters: Left
Ventricular Ejection Fraction (LVEF), Indexed Left Ventricular Mass
(LVMi), Stress OS-CMR and Stress T1 Mapping.

In the CKD cohort, there were no significant correlations seen between PVAT and
LVEF, LVMi, stress OS-CMR or stress T1 mapping (Figure 6.5).
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Figure 6.5: Correlation between Peri-Ventricular Adipose Tissue (PVAT) and LVEF (A), LVMi(B),
∆ OSCMR (C) and ∆ T1 (D).
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Paraventricular Adipose Tissue volume as a predictor of adverse
events in CKD

Univariate Cox regression analysis (Table 6.4) was performed on the data from the
61 CKD patients (all without CAD) who were followed up for MAE. This showed that
age, indexed left ventricular mass (LVMi), left ventricular ejection fraction (LVEF) and
diabetes mellitus were significant predictors of future adverse events while renal
function (eGFR) and PVAT were not.
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Table 6.4: Results of univariate Cox regression for adverse events in the CKD Patients
Hazard Ratio

95% CI

p-value

1.067

1.017 – 1.120

0.008

0.999

0.961 – 1.037

0.939

Diabetes Mellitus

8.526

1.964 – 37.019

0.004

LVMi (g/m2)

1.034

1.011 – 1.057

0.003

LVEF (%)

0.922

0.882 – 0.964

<0.001

PVAT

1.004

0.999 – 1.008

0.116

Age (years)
eGFR (mL/min/1.73

m2)

On multivariate Cox regression analysis (Table 6.5), age, indexed left ventricular
mass (LVMi), left ventricular ejection fraction (LVEF) and diabetes mellitus were
significant predictors of future adverse events while renal function (eGFR) and PVAT
were not.

Table 6.5: Results of multivariate Cox regression for adverse events in the CKD Patients
Hazard Ratio

95% CI

p-value

Age (years)

1.102

1.030 – 1.180

0.005

eGFR (mL/min/1.73 m2)

1.018

0.980 – 1.057

0.363

Diabetes Mellitus

16.382

2.239 – 119.883

0.006

(g/m2)

1.037

1.009 – 1.066

0.010

LVEF (%)

0.881

0.826 – 0.940

<0.001

PVAT

1.001

0.993 – 1.009

0.796

LVMi

6.4.7

Test Reproducibility

Two observers analysed PVAT volumes in 20 subjects. PVAT volume was highly
reproducible with low intra-observer and inter-observer variabilities (co-efficient of
variation 5.1% and 6.4%, respectively).
6.5

Discussion

This is the first CMR study to assess the PVAT volumes in patients with CKD and to
investigate the prognostic utility of PVAT in these patients. Here it was shown that
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when compared to non-CKD participants, there was a trend for increased PVAT
volumes in the CKD patients. This increased PVAT volume, however, did not seem to
be a marker of adverse events. In fact, PVAT volumes were lower, although not
significantly, in CKD patients who experienced adverse events compared to the CKD
patients who did not experience adverse events.
Epicardial fat is brown fat and develops from splanchnopleuric mesoderm and gets
its blood supply from the coronary arteries while pericardial fat develops from the
primitive thoracic mesenchyme and gets its blood supply from the non-coronary
arteries (152). Epicardial fat is biologically active and may play a central role in the
association between obesity and cardiovascular disease. In obesity epicardial fat
volume increases and it becomes hypoxic and dysfunctional (159), resulting in a shift
in its metabolic profile. Adipokines can have both endocrine and paracrine functions
that influence the development of cardiovascular disease, and in particular CAD.
Increased epicardial fat leads to additional mass on both ventricles that can increase
the work demands on the heart and result in left ventricular hypertrophy (161).
Moreover, epicardial fat thickness is positively correlated with myocardial lipid content
and may affect cardiomyocyte function (162). Epicardial fat has been implicated in
coronary artery disease (148, 163-182), atrial fibrillation (183, 184) and adverse
cardiovascular outcomes (185-187).
Increased epicardial fat is associated with the more traditional metabolic risk factors
such as BMI, dyslipidemia, impaired fasting glucose, Type 2 Diabetes Mellitus
(T2DM) and hypertension. CKD is often the result of one or more of the above risk
factors (188). Furthermore, obesity is common amongst patients with moderatesevere CKD (189, 190). Epicardial fat has been shown to be increased in CKD
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patients. Epicardial fat thickness is significantly greater in patients on hemodialysis
compared with healthy controls and positively correlated with hemodialysis duration
(191, 192). Echocardiographically assessed epicardial fat tissue thickness has been
shown to correlate with oxidant biomarkers in CKD and CKD disease progression
(193). In another study, it was seen that in stage 3-5 pre-dialysis CKD patients,
coronary calcification and IL-6 were predictors of epicardial fat thickness (194). Thus,
inflammation, as also seen with increased epicardial fat, could be a possible link
between the pathogenesis of CAD and chronic kidney disease.
Cardiovascular magnetic resonance (CMR) imaging has been validated for the
measurement of epicardial and pericardial fat volume (154, 155). In adults, epicardial
fat commonly exists in the atrioventricular and interventricular grooves, whereas in
juveniles it is found around the atrial free wall and two atrial appendages (152, 153).
In this study the total fat volume around the ventricles is quantified from the level of
the mitral valve down, and therefore this would include the fat in the atrioventricular
groove and around the ventricles. Since the study was done in an adult population
(average age 64.1 ± 12.7 years), the atrial free wall and atrial appendages were not
expected to have significant volumes of adipose tissue adjacent to it and therefore
were not assessed.
In the general population, obesity is associated with increased cardiovascular risk
and decreased survival. In the CKD population, however, the relationship between
excess adiposity and cardiovascular risk is complex. In the CKD population,
observational studies have reported contradictory findings about the association
between obesity and mortality. Previous studies of people on hemodialysis have
suggested an ‘obesity paradox’, where being obese is protective against all-cause
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and cardiovascular mortality (196, 197). Other studies have reported a U- or Jshaped association between obesity measured by BMI and mortality, with a higher
risk of death in underweight and morbidly obese categories compared with normal
weight (198, 199). In a recent metanalysis, it was shown that, in hemodialysis
patients, for every 1 kg/m2 increase in BMI, there was a 3% and 4% decrease in risk
of all cause death and cardiovascular-related mortality, respectively (200). In CKD
stages 3-5, the reduction in risk for all-cause mortality per kg/m2 rise in BMI was 1%
(200).
BMI may not necessarily be an accurate marker of adiposity in people with CKD. This
measurement of general obesity is not always associated with increased
cardiovascular risk (151) as some people with abnormal waist-to-hip ratio may have a
low cardiovascular risk and vice versa. Therefore, a regional fat content with a more
accurate risk prediction capability is warranted. PVAT is one such regional fat content
and is studied here. In this study, PVAT volumes correlated strongly with BMI
suggesting that CKD patients with higher BMI had significantly raised PVAT volumes.
However, there was only a non-significant increase in the PVAT volume in CKD
patients who did not experience adverse events compared to patients who
experienced adverse events. It may be possible that in larger studies, and possibly
with a longer follow-up duration, this difference may become significant. That finding
will then be in line with the obesity paradox described above.
It is known that eGFR, Troponin T and OS-CMR can give valuable prognostic
information in CKD patients. In the current study, there was no significant correlation
seen between PVAT and eGFR (marker of renal function), Troponin T (marker of
myocyte damage), ΔOS-CMR (myocardial oxygenation) or ΔT1 (myocardial blood
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volume). It may be possible that the reason for this poor performance of PVAT in
CKD was the small sample size of this study. Larger studies are required to assess
the utility of CMR assessed PVAT in CKD patients.
6.5.1

Limitations

Due to the small sample size the results in this study are prone to type II error. These
results are hypothesis-generating and therefore need to be confirmed with larger
studies. Secondly, CTCA or invasive coronary angiogram was not performed (due to
advanced renal failure) in our patient cohort and therefore it may be possible that
some patients might have had significant undiagnosed CAD. Thirdly, the CKD
patients were unable to have gadolinium contrast due to the risk of nephrogenic
systemic fibrosis, therefore late gadolinium enhancement could not be performed.
Fourth limitation would be the lack of atrial cine stack during the CMR assessment
which meant that the adipose tissue around the atria could not be measured. A
further limitation was that both epicardial and pericardial fat were ascertained and not
just epicardial fat. Lastly, although image quality was generally good, artefacts could
not always be resolved with frequency and shim adjustments and this could lead to
reduced specificity.
6.6

Conclusion

In this study there was a trend seen for the Paraventricular Adipose Tissue (PVAT)
volume to be increased in patients with CKD when compared to participants without
CKD. However, this increased PVAT volume did not seem to be an independent
predictor of adverse events in the small population that was studied.
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6.7

Future Direction

This pilot study needs to be confirmed with larger, multi-centre studies, which may
allow inclusion of patients with less severe kidney disease into the study. Larger and
multi-centre studies are needed to examine the prognostic utility of PVAT in CKD
patients and the use of PVAT in the short-term and long-term outcome of medical
versus revascularisation therapy in the renal failure population with silent myocardial
iscahemia.
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CHAPTER 7: ARGININE METABOLITES AS BIOMARKERS OF MYOCARDIAL
ISCHAEMIA, ASSESSED WITH CARDIAC MAGNETIC RESONANCE IMAGING IN
CHRONIC KIDNEY DISEASE

7.1

Introduction

Cardiovascular disease (CVD) is common in CKD and it is estimated that 25-47%
patients with severe CKD have significant coronary artery disease, heart failure or left
ventricular hypertrophy (2-4). Although traditional cardiovascular risk factors are
common among advanced CKD patients, they can only in part explain the increased
susceptibility to CVD (201). Cardiovascular risk factors result in endothelial
dysfunction which has a central role in the pathogenesis of CVD together with
inflammation and atherosclerosis. Further studies are required to understand better
the mechanisms underlying the increased cardiovascular risk in the CKD patients
and whether assessment of endothelial dysfunction can help better quantitate the
cardiovascular risk in CKD.
Reduced nitric oxide (NO) bioavailability is a major risk factor for cardiovascular
disease and progression to kidney failure in patients with chronic kidney disease
(CKD) (310-312). The endothelium is important to the maintenance of vascular tone
(313). Endothelial nitric oxide synthase (eNOS) catalyzes the conversion of Larginine (ARG) and L-homoarginine (HMA) to NO (314). eNOS has a much higher
affinity for ARG than HMA. NO is released from the endothelium in response to shear
stress and plays an important role in flow-mediated dilatation (FMD) (315).
Furthermore, NO also inhibits oxidation of LDL (316), platelet aggregation (317),
adhesion of monocytes and leukocytes to the endothelium (318), and smooth muscle
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cell proliferation (319). NO therefore has important effects as a mediator of
antithrombotic processes, growth inhibition and inflammation.
HMA is an amino acid derivative that may increase nitric oxide availability and
enhance endothelial function. Involvement of HMA in the regulation of vascular
function is supported by the direct association between the plasma levels of HMA
with hemodynamic response to ischemia in the forearm (208). Various studies in the
past have shown that low HMA levels are associated with adverse events in the CKD
population (213, 216, 217).
Methylation
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yields
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monomethylarginine (LNMMA), asymmetric dimethylarginine (ADMA) and symmetric
dimethylarginine (SDMA). LNMMA, ADMA and SDMA are inhibitors (MMA > ADMA
≫ SDMA) of eNOS activity.
LNMMA is a methyl derivative of the amino acid arginine. It is a potent eNOS inhibitor
and may accumulate in CKD. ADMA is a competitor to arginine and a potent inhibitor
of eNOS (203), and thus may cause endothelial dysfunction (320, 321). Increased
levels of ADMA are seen with increasing age, hypercholesterolemia, hypertension,
hypertriglyceridemia, diabetes mellitus, insulin insensitivity, hyperhomocysteinemia
and renal failure (320, 322-328), all of which are known risk factors for
atherosclerosis. Furthermore, elevated plasma ADMA concentration has been
identified as an independent risk factor for progression of atherosclerosis,
cardiovascular death and all-cause mortality (329-331). Symmetric dimethylarginine
(SDMA) does not inhibit eNOS directly, but it may indirectly reduce NO production
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causing reduction in the intracellular arginine availability, since SDMA competes with
the cationic amino acid transporter in the endothelial cell membrane (204).
L-citrulline is a by-product when NO is synthesized from L-arginine by NOS. Arginine
can also be metabolized by arginase which hydrolyses it to ornithine (ORN) and urea.
Therefore, arginase may reciprocally regulate the production of NO and an increased
enzyme activity can induce endothelial dysfunction (332-334).
Myocardial oxygenation and perfusion response to stress, using oxygen-sensitive
cardiovascular magnetic resonance (OS-CMR) and stress T1 mapping respectively,
are impaired in CKD patients with and without known CAD. Furthermore, the
impaired OS-CMR response is associated with major adverse events (death,
myocardial infarction, ventricular arrhythmia and heart failure admissions).
Further studies are required to understand the relation between endothelial
dysfunction (as indirectly assessed by measuring ADMA, SDMA and HMA) and
myocardial ischaemia (as assessed with stress OS-CMR and stress T1 mapping) in
CKD. This study aims to investigate this relationship. In particular, we hypothesized
that in CKD patients, higher levels of ADMA and lower levels of HMA are associated
with worsening myocardial oxygenation and perfusion as assessed by OS-CMR and
stress T1 responses to stress.
7.2
7.2.1

Methods
Study Population

38 patients with CKD were invited to participate at Flinders Medical Centre (FMC)
and the South Australian Health and Medical Research Institute (SAHMRI) between
2017 – 2019. Patients were included if they had severe renal failure as defined by an
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eGFR< 30 mL/min/1.73 m2, or were requiring dialysis, or had a previous renal
transplant with reasonable renal function (eGFR> 45 mL/min/1.73 m2). Patients were
excluded if they had standard MRI contraindications, asthma, second or third-degree
heart block, left ventricular ejection fraction (LVEF) < 45%, or clinical heart failure. All
participants gave written informed consent, and the study was approved by Southern
Adelaide Clinical Human Research Committee (HREC/17/SAC/86).
7.2.2

Serum Biochemistry

All participants had 10 ml of blood collected for routine biochemistry, cell counts,
haemoglobin, troponin T, CRP, thyroid stimulating hormone (TSH), Parathormone
levels (PTH), iron studies and lipid studies. eGFR was calculated from serum
creatinine using the CKD-Epidemiological Collaboration Formula.
A further sample of blood was centrifuged at 4000 rpm for 10 minutes at 4°C and the
serum collected and stored in a -80°C freezer for analysis of biochemical markers of
endothelial dysfunction. These samples were later thawed for analysis. 20 μL of
sample plasma, calibrator or QC was mixed with 20 μL internal standard solution
(containing 1 μM d6-ADMA, 1 μM d6-SDMA, 25 μM d7-citrulline, 2 μM d4homoarginine, and 100 μM d6-ornithine). Following the addition of 150 μL 0.1%
formic acid in methanol the sample was vortex mixed for 3 min at 2000 rpm to extract
the analytes. Centrifugation at 18,000g for 5 min precipitated the proteins. An aliquot
(5 μL) of the supernatant layer was injected onto an Atlantis HILIC column (2.1 x 150
mm, 3 μm, Waters, Sydney, Australia) for analysis. A gradient mobile phase
consisting of (A) 0.1% v/v formic acid in acetonitrile and (B) 10% v/v acetonitrile,
0.1% v/v formic acid and 10 mM ammonium formate in water was used at a flow rate
of 0.4 mL/min. The starting mobile phase was 95% A, 5% B which was varied linearly
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over 16 min to 50 % A, 50% B then returned to the initial conditions and equilibrated
for 4 min prior to injection of the next sample. The mass spectrometer was run in
positive ionization mode with data collected using a Waters proprietary MSE data
acquisition method at low collision (3 V) and a high collision energy ramp (8-14 V).
Parent or selected fragment ions were used for detection and quantification based on
their monoisotopic mass. The qToF Premier (Waters, Sydney, Australia) mass
spectrometer was run in positive ionisation mode with data collected using Waters
proprietary MSE data acquisition method. Mass spectrometer settings were as follow:
capillary voltage 3.0 kV, sampling cone voltage 24.0 eV, extraction cone voltage 5.0
eV, source temperature 100 °C, desolvation temperature 300 °C, cone gas flow 30
L/Hr, desolvation gas flow 400.0 L/Hr, MSE function 1 collision energy 3.0 V, MSE
function 2 collision energy ramp 8.0 – 14.0 V, collision Cell Entrance 2.0, collision
Exit -10.0, collision Gas Flow 0.60 mL/min. Parent or selected fragment ions were
used for detection and quantitation based on their monoisotopic mass.

Table 7.1: Analysis of Arginine metabolites.
Analyte

RT (min)

MSE
channel

Ion

m/z1

Int Std

QClow2
%CV

QChigh2
%CV

ADMA

11.93

1

parent

203.16

d6-ADMA

6.4

7.1

L-ARG

11.06

1

parent

175.13

d4-HMA

9.0

10.0

CIT

9.34

1

fragment

159.09

d7-CIT

6.1

4.0

HMA

11.15

1

parent

189.15

d4-HMA

1.6

1.4

L-NMMA

11.38

1

parent

189.15

d4-HMA

8.6

14.4

ORN

11.38

1

parent

133.11

d6-ORN

5.1

3.5

SDMA

11.75

1

parent

203.16

d6-SDMA

4.2

4.3

Legend: ADMA, asymmetric dimethylarginine; L-ARG, L-arginine; CIT, L-citrulline; HMA, Lhomoarginine; L-NMMA,NG –monomethyl-L-arginine; ORN, L-ornithine; SDMA, symmetric
dimethylarginine
1m/z for the positively charged analyte ion, that is [M+H]+, data was extracted with a mass
window of 0.05 Da
2QC
low and QChigh were prepared by spiking pooled human plasma (n=5) with a known amount
of analyte.
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Retention times, corresponding parent or fragment mass, MSE acquisition channel
and QC performance data (five independent determinations at each of two
concentrations) for each analyte are shown in Table 7.1.
7.2.3

CMR Protocol

All participants underwent scanning in a 3 Tesla clinical MR scanner (Siemens, 3T
Trio and Skyra). Cine imaging, rest/stress OS-CMR imaging and rest/stress T1
imaging were performed as described in chapter 2.
7.2.4

CMR Analysis

Left ventricular volumes, OS-CMR and T1 maps were analysed offline using
proprietary software (CVI 42, version 5.9.1) as described in chapter 2.
7.3

Statistical analysis

All analysis was performed using SPSS software package (IBM Corporation, New
York, U.S.A.). Descriptive statistics are presented as mean +/- standard deviation for
normally distributed continuous variables, median (inter-quartile range) for skewed
continuous variables and as frequency (%) for categorical variables. The analysed
associations between clinical and demographic variables and individual arginine
metabolites using either simple or partial correlation analysis.
7.4
7.4.1

Results
Baseline Characteristics

Table 7.2 details the baseline characteristics of the 38 CKD patients. The average
age of the patients was 62.2 ± 13.5 years and 63% were male. 20 patients had
Diabetes mellitus, 16 were on dialysis and 12 had dyslipidemia. 12 patients had
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diagnosed coronary artery disease (CAD) of which 6 patients had undergone
revascularization (5 had coronary artery bypass grafting and 1 had percutaneous
intervention with a stent inserted).

Table 7.2 Baseline Characteristics
CKD patients (n=38)
Age (years)
Male sex
BMI

(kg/m2)

62.2 ± 13.5
24 (63.2)
31.1 ± 7.4

eGFR (mL/min/1.73 m2)

15.1 ± 8.5

Dialysis

16 (42.1)

Diabetes Mellitus

20 (52.6)

LVEF (%)

62.3 ± 11.7

LVMi (g/m2)

61.7 ± 18.6

Dyslipidemia

12 (31.6)

Smoking History

8 (21.1)

Anti-platelet Agent

15 (39.5)

Beta blocker

16 (42.1)

ACE inhibitor

10 (26.3)

Angiotensin Receptor Blocker

10 (26.3)

Calcium channel blocker

19 (50.0)

Statin

23 (60.5)

Data are presented as n (%) or mean ± SD.

7.4.2

Arginine metabolite levels in normal volunteers and CKD patients

Pooled plasma from 5 healthy volunteers (2 males and 3 females) were analysed to
determine the arginine metabolite values in normal individuals. For each analyte, 4
quality controls were included - unspiked pooled plasma and pooled plasma spiked
with known concentrations of the analytes (low, medium and high) in order to cover
all the possible ranges. Table 7.3 shows the comparison between the arginine
metabolites levels in the normal volunteers and CKD patients.
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Table 7.3: Arginine metabolites in CKD patients and in normal volunteers.
Analyte

Normal Volunteers
(pooled plasma)

CKD Patients
(n=38)

ADMA (µM)

0.505 ± 0.019

0.780 ± 0.149

L-ARG (µM)

213.8 ± 23.6

182.7 ± 39.6

CIT (µM)

42.6 ± 1.7

96.7 ± 29.0

HMA (µM)

2.40 ± 0.14

1.28 ± 0.61

L-NMMA (µM)

0.115 ± 0.013

0.101 ± 0.041

ORN (µM)

71.1 ± 1.7

84.7 ± 22.5

SDMA (µM)

0.505 ± 0.037

1.784 ± 0.669

Legend: ADMA, asymmetric dimethylarginine; L-ARG, L-arginine; CIT, Lcitrulline; HMA, L-homoarginine; L-NMMA,NG –monomethyl-L-arginine;
ORN, L-ornithine; SDMA, symmetric dimethylarginine

As expected, CKD patients had much higher ADMA (0.780 ± 0.149 µM vs 0.505 ±
0.019 µM) and SDMA (1.784 ± 0.669 µM vs 0.505 ± 0.037 µM) and lower HMA (1.28
± 0.61 µM vs 2.40 ± 0.14) values when compared to the normal controls.
7.4.3

Arginine metabolite levels in CKD patients with and without CAD.

Figure 7.1: Arginine metabolite levels in CKD patients with and without CAD.
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There were no significant differences in the levels of ADMA, SDMA or HMA in CKD
patients with and without CAD (Figure 7.1).
7.4.4 Association between Arginine metabolites and patient baseline
characteristics: Age, Gender, BMI, Renal Function (eGFR), Diabetes
Mellitus, Hypertension, Dialysis, Troponin T (TnT) and hs-CRP.
HMA levels were significantly higher in male patients (n=24) compared to female
patients (n=14) with CKD (1.376 µM ± 0.610 µM vs 0.962 µM ± 0.396 µM, p = 0.029).
There was a trend for HMA to be higher in hypertensive patients (n=5) compared to
non-hypertensive patients (n=33) with CKD (1.281 µM ± 0.566 µM vs 0.845 µM ±
0.507 µM, p = 0.113). Apart from these, gender, diabetes mellitus, hypertension or
having dialysis did not significantly influence the levels of arginine metabolites (Figure
7.2).
SDMA levels significantly reduced with increasing BMI (r = -0.432, p = 0.007).
Worsening renal function (as denoted by reducing eGFR) was associated with higher
SDMA levels (r = -0.472, p = 0.003). Raised troponin T levels correlated significantly
with higher ADMA levels (r = 0.444, p = 0.006) and lower HMA levels (r = -0.329, p =
0.047). There was a trend for HMA levels to fall with increasing age (r = -0.265, p =
0.108). Apart from these, age, BMI, eGFR, Troponin T, and hs-CRP were not
significantly associated with the levels of arginine metabolites (Figure 7.3).
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Figure 7.2: Association between arginine metabolites and patient baseline characteristics:
Gender, Diabetes mellitus, Hypertension and Dialysis
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Figure 7.3: Association between arginine metabolites and patient baseline characteristics: Age,
BMI, eGFR, Troponin T and hs-CRP.
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7.4.5

Association between Peri-Ventricular Adipose Tissue (PVAT)
volume in the CKD Cohort and CMR derived parameters: Left
Ventricular Ejection Fraction (LVEF), Indexed Left Ventricular Mass
(LVMi), Stress OS-CMR and Stress T1 Mapping.

Figure 7.4: Association between arginine metabolites and CMR derived parameters: LVEF,
LVMi, stress OSCMR and stress T1.
ADMA

HMA

SDMA
r=-0.077
p=0.646

80

70

70

70

60
50

60
50

40

40

30

30
0.4

0.6

0.8
ADMA (µM)

1.0

LVEF (%)

80

LVEF (%)

LVEF (%)

LVEF

r=-0.117
p=0.484
80

1.2

30
0.0

1.0

2.0
SDMA (µM)

3.0

70

70

70

50

LVMi (g/m2)

80

60
50

30
0.4

0.6

0.8
ADMA (µM)

1.0

1.2

1.0

2.0
SDMA (µM)

3.0

20

20

15

15

∆ OSCMR (%)

20

-5

10
5
0

-10
0.4

0.6

0.8
ADMA (µM)

1.0

1.2

1.0

2.0
SDMA (µM)

3.0

4.0

r=-0.091
p=0.587

8

∆ T1 (%)

10

8

∆ T1 (%)

10

8

6
4

1.0

1.5
2.0
HMA (µM)

2.5

3.0

r=0.044
p=0.793

4
2

2

0

0

0

-2

-2

-2

1.2

0.5

6

2

1.0

r=0.009
p=0.957

0.0

10

0.8
ADMA (µM)

3.0

0

12

0.6

2.5

5

12

0.4

1.5
2.0
HMA (µM)

-10
0.0

r=-0.083
p=0.620

4

1.0

10

12

6

0.5

-5

-5

-10

3.0

r=-0.141
p=0.398

0.0

r=-0.292
p=0.075

∆ OSCMR (%)

∆ OSCMR (%)

4.0

25

0

2.5

50

25

5

1.5
2.0
HMA (µM)

30
0.0

r=-0.198
p=0.233

10

1.0

60

25

15

0.5

40

40

30

∆ T1 (%)

0.0

r=0.095
p=0.570

LVMi (g/m2)

LVMi (g/m2)

LVMi

4.0

80

40

∆ OSCMR

50
40

r=0.379
p=0.019

∆ T1

60

80

60

r=0.085
p=0.612

0.0

1.0

2.0
SDMA (µM)

3.0

4.0

0.0

0.5

1.0

1.5
2.0
HMA (µM)

2.5

3.0

ADMA levels significantly increased with increasing indexed left ventricular mass (r =
0.379, p = 0.019). There was a trend for SDMA levels to increase with reducing D
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OS-CMR SI (r = -0.292, p = 0.075). Apart from these, LVEF, LVMi, stress OSCMR
and stress T1 mapping were not significantly associated with the levels of arginine
metabolites (Figure 7.4).
7.4.6

Adjusted partial correlations of biochemical markers of endothelial
dysfunction (arginine metabolites) with myocardial oxygenation (D
OS-CMR SI) and perfusion response to stress (D T1).

Table 7.4 shows the partial correlation values between the arginine metabolites and
OS-CMR and T1 mapping after adjusting for age, gender, body mass index, Creactive protein and troponin T. There was no significant correlation between D OSCMR SI and any of the metabolites.

Table 7.4: Partial correlation values between the arginine metabolites and OS-CMR and T1 mapping after adjusting for
age, gender, body mass index, C-reactive protein and troponin T.
OS-CMR
(n=38)

Analyte

r-value

T1 Mapping
(n=30)

p-value

r-value

p-value

ADMA (µM)

-0.106

0.558

-0.419

0.037

L-ARG (µM)

-0.183

0.308

-0.338

0.098

CIT (µM)

-0.102

0.573

-0.444

0.026

HMA (µM)

-0.164

0.362

0.000

0.999

L-NMMA (µM)

0.078

0.666

-0.002

0.992

ORN (µM)

-0.156

0.387

-0.460

0.021

SDMA (µM)

-0.226

0.206

-0.080

0.702

Legend: ADMA, asymmetric dimethylarginine; L-ARG, L-arginine; CIT, L-citrulline; HMA, L-homoarginine; L-NMMA,
NG –monomethyl-L-arginine; ORN, L-ornithine; SDMA, symmetric dimethylarginine

Interestingly, there were significant negative correlations seen between D T1 and
ADMA (r = -0.419, p = 0.037, n = 30), L-citrulline (r = -0.444, p = 0.026, n = 30) and
Ornithine (r = -0.460, p = 0.021, n = 30). There was a negative trend observed for the
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adjusted partial correlation between D T1 and L-arginine (r = -0.338, p = 0.098, n=30)
but no correlation between D T1 and SDMA, HMA or L-NMMA.
7.5

Discussion

This is the first study to assess the relationship between biochemical markers of
endothelial dysfunction and novel Gadolinium-free CMR methods of assessment of
myocardial ischaemia. There are a few important findings in this study which are
discussed below.
Most importantly, there was a significant negative association between D T1
response and ADMA and Ornithine levels in CKD patients. In contrast, D OS-CMR SI
was not significantly associated with circulating levels of arginine metabolites. It was
found that reduced myocardial perfusion reserve (as denoted by the D T1 response)
was associated with some biochemical markers of endothelial dysfunction in the CKD
population, but reduced myocardial oxygenation (as denoted by stress D OS-CMR SI
response) was not. The presence of diffuse interstitial fibrosis in CKD patients would
have resulted in higher resting T1 values (335, 336) and concomitant lower Δ T1
values. At the same time, CKD may be associated with metabolic changes to avert
ischaemia in the face of hypoperfusion resulting in a down-regulation of energy
requiring processes, such as that thought to occur in hibernating myocardium. This
may result in a degree of physiological reserve that results in decreased tissue
deoxygenation during hypoperfusion and therefore apparent higher Δ OS-CMR SI
values in the patient group with advanced CKD than what would be expected. Above
discussed factors may explain the poor correlation seen between resting OS-CMR
and markers of endothelial dysfunction in these patients.
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Another important finding in this study was that ADMA and SDMA levels were higher
and HMA levels lower in patients with CKD when compared to the normal volunteers.
This can be regarded as indirect evidence for endothelial dysfunction in the CKD
cohort. These findings are in line with previous studies where patients with mildmoderate CKD have elevated plasma levels of ADMA and SDMA compared to
normal controls (223-226). This increase is more pronounced in ESKD (227, 228).
Furthermore, ADMA, SDMA and HMA were not significantly different in the CKD
patients with CAD when compared to CKD patients without CAD. Similar to CAD,
CKD too is associated with higher levels of ADMA and SDMA and lower levels of
HMA. This might have made the difference between the 2 groups (CKD without CAD
versus CKD with CAD) less significant. Furthermore, when compared to the general
population, the pathogenesis of CAD is more complex in the CKD population. In
addition to traditional risk factors, several uraemia-related risk factors such as
inflammation, oxidative stress, endothelial dysfunction, coronary artery calcification,
hyperhomocysteinemia, and immunosuppressants have been associated with
accelerated atherosclerosis. Thus, the pathogenesis of CAD in this group of patients
is diverse and without any single common pathway, which makes the detection of
CAD by any one test very difficult in this group.
Endothelial function (as indirectly assessed by measuring levels of ADMA and HMA)
was noted to be worse in females, older age and those with increased LVMi and
troponin T levels. These findings are not surprising and have been described
previously.
In CKD, endothelial dysfunction and atherosclerosis are almost universal, as well as
cardiovascular complications. Endothelial cell damage or injury is invariably
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associated with such clinical conditions as thrombosis, hypertension, renal failure and
atherosclerosis and may be also responsible for accelerated atherosclerosis in
patients with chronic renal failure. Although traditional risk factors are common
among CKD patients, they can only in part explain the increased susceptibility to
CVD (201). Non-traditional cardiovascular risk factors are important in the
pathogenesis of CVD in CKD. These non-traditional risk factors result in endothelial
dysfunction which has a central role in the pathogenesis of CVD together with
inflammation and atherosclerosis. Considering that CKD patients are more likely to
die of CVD than to progress to End-Stage Renal Disease (ESRD), the search for
novel CVD risk factors in this population may yield novel therapeutic targets.
7.5.1

Limitations

Due to the small sample size, these results are hypothesis-generating and therefore
need to be confirmed with larger studies. Secondly, CTCA or invasive coronary
angiogram was not performed (due to advanced renal failure) in this patient cohort
and therefore it may be possible that some patients might have had significant
undiagnosed CAD. Thirdly, the CKD patients were unable to have gadolinium
contrast due to the risk of nephrogenic systemic fibrosis, therefore late gadolinium
enhancement could not be performed. Fourthly, endothelial function was not directly
assessed. Lastly, although image quality was generally good, artefacts could not
always be resolved with frequency and shim adjustments and this could lead to
reduced specificity.
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7.6

Conclusion

This study demonstrates that there is a significant association between ADMA levels
and Stress T1 response in CKD patients. However, D OS-CMR SI was not
significantly associated with circulating ADMA or HMA levels.
7.7

Future Directions

This pilot study needs to be confirmed with larger, multi-centre studies to investigate
the prognostic role of ADMA in CKD patients with CMR-documented CAD. Further
studies may allow inclusion of patients with less severe kidney disease into the study.

159

CHAPTER 8: SUMMARY AND CONCLUSIONS
8.1

Summary of findings in the thesis and conclusions

With significant medical advancements made in the past few decades the number of
patients with severe kidney disease requiring renal replacement therapy (RRT) is
rising (Figure 1.1). Patients with End Stage Kidney Disease (ESKD) carry a 5-10-fold
higher risk for developing cardiovascular disease (CVD) compared to age-matched
controls. According to the Australia and New Zealand Dialysis and Transplant
Registry, the median expected remaining lifespan of patients while on maintenance
dialysis (between 2008 to 2017) was approximately 6.4 years for those aged 45-64
years and 4.7 years for those aged 65-74 years suggesting that survival, especially in
older patients, is comparable to that of lung cancer.
Cardiovascular disease (CVD) is the leading cause of mortality in patients with CKD,
of which coronary artery disease (CAD) is the most common. CKD is an independent
risk factor for the development of CAD (8) and it is present even in early renal
disease (13, 17). Decreasing renal function has been shown to be associated with
increased risk of death (7, 12) and increased severity of cardiac disease (13-15).
With the above problem in mind, it becomes important that CAD be diagnosed early
and accurately in the CKD population. CAD often causes silent or asymptomatic
myocardial ischaemia in CKD patients (5, 6) and atypical presentation of CAD in
patients with CKD often leads to delay in diagnosis and treatment (337). Current
functional cardiac investigations are neither sensitive nor specific for assessment of
myocardial ischaemia in CKD patients (338). Exercise tests have limited diagnostic
ability in the CKD patients due to reduced exercise capacity, resting ECG changes
and ‘balanced ischaemia’. Use of gadolinium-based (as in perfusion CMR) or iodine160

based (as in invasive coronary angiography) contrast agents should best be avoided
in advanced CKD due to nephrogenic systemic sclerosis (NSF) and possibility of
worsening the renal function. Therefore, there is an unmet need for a functional
stress test that is non-invasive, safe and relatively accurate in this very high-risk CKD
population. Two novel gadolinium-free stress CMR techniques for the assessment of
myocardial ischaemia in CKD have been described here. These are Oxygen
Sensitive CMR (OS-CMR) and stress T1 mapping.
OS-CMR uses the paramagnetic properties of deoxygenated haemoglobin as an
intrinsic contrast so that the transverse magnetisation or T2 time is increased when
there is a drop in the proportion of deoxyhaemoglobin and decreased when there is a
rise in the proportion of deoxyhaemoglobin. It detects both epicardial and
microvascular CAD without the use of potentially toxic contrast agents. OS-CMR has
been validated in human and animal models with promising results (107-117). OSCMR has been utilised in several human studies to assess myocardial oxygenation
as a measure of ischaemia (107, 108, 118-122) including Syndrome X, hypertensive
patients, patients with CAD, hypertrophic cardiomyopathy and aortic stenosis. The
diagnostic ability of stress OS-CMR in the CKD population has been previously
studied in smaller number of CKD patients (127). In this study, OS-CMR stress
response was significantly blunted in CKD patients with no known cardiac disease
when compared to healthy and hypertensive controls. No previous study has
investigated the prognostic utility of OS-CMR in any group (CKD or non-CKD) of
patients. An important finding from this thesis study was that impaired OS-CMR
response may have prognostic value in its capacity to predict CKD patients at higher
risk of death, non-fatal myocardial infarction, heart failure and ventricular arrhythmias
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in the future. This can help in targeting specific therapies to specific groups of
patients.
T1 relaxation time, spin-lattice relaxation time, or simply T1, describes the
exponential recovery of the longitudinal component of magnetization back towards its
thermal equilibrium. T1 is prolonged by increased water content and, importantly,
depends on blood T1 through its partial volume. Recent studies have shown that T1
mapping, when used with a vasodilator stress, can distinguish between normal,
ischaemic, infarcted and remote (i.e. segments without ischaemia or infarction)
myocardium without the need for gadolinium contrast agents (144). This method has
subsequently been validated against invasive coronary measures for the accurate
detection and differentiation between epicardial coronary artery disease and
microvascular dysfunction (145). T1 mapping technique may have a few advantages
over OS-CMR. Firstly, the method of stress T1 mapping described in the studies
above

used

measurements

in

three

myocardial slices

whereas

OS-CMR

measurements (described in chapter 3) were performed on one slice only. Secondly,
T1 mapping can be performed on both 1.5T and 3T magnets and therefore can be
widely available to all centres whereas OS-CMR measurements require a 3T magnet
which has limited availability. Stress T1 mapping has not been studied in the CKD
population previously. This thesis study demonstrates that not only is stress T1
mapping feasible in CKD patients, it is impaired in these patients even when they do
not have symptoms suggestive of CAD. In those with known CAD, adenosine stress
and rest T1 mapping was also able to differentiate between normal, infarcted,
ischemic, and remote myocardial tissue classes with distinctive T1 profiles, but OSCMR was not significantly different between these groups. This technique may also
be of specific use in the chronic kidney disease population where both epicardial
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coronary artery disease and microvascular dysfunction are common and use of
gadolinium-based contrast agents is not preferred.
Increased epicardial fat is associated with the more traditional metabolic risk factors
such as BMI, dyslipidemia, impaired fasting glucose, Type 2 Diabetes Mellitus
(T2DM) and hypertension. CKD is often the result of one or more of the above risk
factors (188). Obesity is common amongst patients with moderate-severe CKD (189,
190). Echocardiographically assessed epicardial fat thickness is significantly greater
in patients on hemodialysis compared with healthy controls and positively correlated
with hemodialysis duration (191, 192). Furthermore, echocardiographically assessed
epicardial fat tissue thickness has been shown to correlate with oxidant biomarkers in
CKD and CKD disease progression (193). However, echocardiographic assessment
of epicardial fat was limited in these studies as only 2 dimensional assessments were
made. CMR has an advantage in this regard as it can measure fat volumes. CMR
assessed PVAT volumes have not previously been studied in the CKD population. In
this thesis study, PVAT volume was increased in patients with CKD compared to
normal individuals. This finding is similar to previous studies described above using
echocardiography. However, the increased PVAT volume in this study was not a
predictor of future events.
Reduced nitric oxide (NO) bioavailability is a major risk factor for cardiovascular
disease and progression to kidney failure in patients with chronic kidney disease
(CKD) (310-312). Endothelial nitric oxide synthase (eNOS) catalyzes the conversion
of L-arginine (ARG) and L-homoarginine (HMA) to NO (314). LNMMA, ADMA and
SDMA are inhibitors of eNOS activity. This thesis is the first study to assess the
relationship between the above biochemical markers of endothelial dysfunction and
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novel Gadolinium-free CMR methods of assessment of myocardial ischaemia. ADMA
and SDMA levels were higher and HMA levels lower in patients with CKD when
compared to the normal volunteers. However, these biomarkers were not significantly
different in the CKD patients with CAD when compared to CKD patients without CAD.
Importantly, there was a significant negative association between stress T1 response
and ADMA and Ornithine levels in CKD patients. However, D OS-CMR SI was not
significantly associated with circulating levels of arginine metabolites. In other words,
reduced myocardial perfusion (as denoted by the stress T1 response) was
associated with some biochemical markers of endothelial dysfunction in the CKD
population, but reduced myocardial oxygenation (as denoted by stress OS-CMR
response) was not. These are novel findings and in future studies may help further
understand the complex pathophysiological processes involved in CAD in the CKD
population.
To summarize, this thesis study provided a better understanding of the complex
relationships between CKD and CAD using non-invasive CMR methods. The thesis
proposed two important CMR diagnostic stress imaging methods that are safe, noninvasive and without the risks of radiation exposure or contrast agents. Moreover,
one of these methods may potentially predict adverse events in these patients with
CKD. Furthermore, it may be possible to differentiate between normal, infarcted,
ischemic, and remote myocardial tissue utilizing their distinctive tissue characteristics
and stress responses.
8.2

Future Directions

The studies in this thesis were done in relatively small number of patients and need
to be confirmed with larger, multi-centre studies to determine the wider diagnostic
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and prognostic value of stress OS-CMR and T1 mapping in the CKD population in
guiding clinical decision-making and predicting long-term prognosis. The hypothesis
should further be extended to patients with less severe CKD which form the larger
CKD community with a higher life expectancy and therefore potentially to benefit
more from therapeutic interventions. These patients could then have CTCA or
invasive coronary angiography and this could avoid one of the big limitations in the
studies presented in this thesis which was that CTCA or invasive coronary
angiography was not performed (due to advanced renal failure) and therefore it may
have been possible that some of these patients might have had significant
undiagnosed CAD. These studies will help in further understanding of the complex
mechanisms that lead to the higher CVD risk in CKD patients, decide treatment
interventions and improve long term outcomes.
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