
 

 

Cardiac Magnetic Resonance Quantitative 

Perfusion Imaging in Health and Diabetic Heart 

Disease 

 

 

Louise Anne Elizabeth Brown 

 

 

 

Submitted in accordance with the requirements for the degree of 

Doctor of Philosophy (PhD) 

 

 

The University of Leeds 

School of Medicine 

Leeds Institute of Cardiovascular and Metabolic Medicine 

 

 

July, 2021



ii 
 

 Intellectual Property and Publication Statements 

 

The candidate confirms that the work submitted is his/her own, except where work 

which has formed part of jointly authored publications has been included. The 

contribution of the candidate and the other authors to this work has been explicitly 

indicated below. The candidate confirms that appropriate credit has been given 

within the thesis where reference has been made to the work of others. 

 

This copy has been supplied on the understanding that it is copyright material and 

that no quotation from the thesis may be published without proper 

acknowledgement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The right of Louise A E Brown to be identified as Author of this work has been 

asserted by her in accordance with the Copyright, Designs and Patents Act 1988. 

 

© 2021 The University of Leeds and Louise Anne Elizabeth Brown 



iii 
 

Publications arising from this work: 

Chapter 3 

Publication: 

Brown, L.A.E., Onciul, S.C., Broadbent, D.A. et al. Fully automated, inline 

quantification of myocardial blood flow with cardiovascular magnetic resonance: 

repeatability of measurements in healthy subjects. J Cardiovasc Magn Reson 20, 

48 (2018). https://doi.org/10.1186/s12968-018-0462-y 

Authorship: 

LB: Conception and design, recruitment, supervision of scans, analysis and 

interpretation of data, drafting of manuscript. SO: Supervision of scans, analysis 

and interpretation of data, critical & intellectual revision of manuscript. DB: analysis 

and interpretation of data, critical & intellectual revision of manuscript. KJ: 

Recruitment, supervision of scans, critical & intellectual revision of manuscript. GF: 

Critical & intellectual revision of manuscript. JF: Critical & intellectual revision of 

manuscript. PG: Critical & intellectual revision of manuscript. PC: Critical & 

intellectual revision of manuscript. KK: Critical & intellectual revision of manuscript. 

ED: Critical & intellectual revision of manuscript. PS: Critical & intellectual revision 

of manuscript. HX: Conception and design, processing and interpretation of CMR 

data, critical & intellectual revision of manuscript. JG: Critical & intellectual revision 

of manuscript. JM: Critical & intellectual revision of manuscript. PK: Conception 

and design, processing and interpretation of CMR data, critical & intellectual 

revision of manuscript. SP: Conception and design, interpretation of data and 

drafting of manuscript. All authors read and approved the final manuscript. 

 

Chapter 4 

Authorship:  

LB: Conception and design, recruitment, supervision of scans, analysis and 

interpretation of data, drafting of manuscript, SO: Recruitment, supervision of 

scans, critical & intellectual revision of manuscript, DB: Recruitment, supervision of 

scans, critical & intellectual revision of manuscript, JY: Recruitment, supervision of 

scans, critical & intellectual revision of manuscript, AW: Recruitment, supervision 

of scans, critical & intellectual revision of manuscript, GG: Recruitment, 



iv 
 

supervision of scans, critical & intellectual revision of manuscript, CS: Recruitment, 

supervision of scans, critical & intellectual revision of manuscript, AD: critical & 

intellectual revision of manuscript, NJ: Recruitment, supervision of scans, critical & 

intellectual revision of manuscript, AC: Recruitment, supervision of scans, critical & 

intellectual revision of manuscript, ST: Recruitment, supervision of scans, critical & 

intellectual revision of manuscript, NS: Recruitment, supervision of scans, critical & 

intellectual revision of manuscript, KK: critical & intellectual revision of manuscript, 

EL: critical & intellectual revision of manuscript, PS: Recruitment, supervision of 

scans, critical & intellectual revision of manuscript, HX: Conception and design, 

processing and interpretation of CMR data , critical & intellectual revision of 

manuscript, JG: critical & intellectual revision of manuscript, JM: critical & 

intellectual revision of manuscript, DA: critical & intellectual revision of manuscript, 

GM: critical & intellectual revision of manuscript, PK: Conception and design, 

processing and interpretation of CMR data, critical & intellectual revision of 

manuscript, SP: critical & intellectual revision of manuscript. 

 

Chapter 5 

Publication:  

Brown, L.A.E., Saunderson, C.E.D., Das, A. et al. A comparison of standard and 

high dose adenosine protocols in routine vasodilator stress cardiovascular 

magnetic resonance: dosage affects hyperaemic myocardial blood flow in patients 

with severe left ventricular systolic impairment. J Cardiovasc Magn Reson 23, 37 

(2021). https://doi.org/10.1186/s12968-021-00714-7) 

Authorship: 

 LB: Conception and design, recruitment, scanning and supervision of scans, 

analysis and interpretation of data, drafting of manuscript. CS: recruitment, 

supervision of scans, critical and intellectual revision of manuscript. AD: critical 

and intellectual revision of manuscript. TC: critical and intellectual revision of 

manuscript EL: critical and intellectual revision of manuscript KK: critical and 

intellectual revision of manuscript ED: critical and intellectual revision of 

manuscript HX: processing and interpretation of CMR data, critical and intellectual 

revision of manuscript JM: critical and intellectual revision of manuscript JG: 

critical and intellectual revision of manuscript PK: processing and interpretation of 

CMR data, critical and intellectual revision of manuscript PS: recruitment, 



v 
 

supervision of scans, critical and intellectual revision of manuscript, SP: concept 

and design and drafting of manuscript. All authors read and approved the final 

manuscript. 

 

Chapter 6 

Authorship:  

LB: conception and design, recruitment, data acquisition, scanning and 

supervision of scans, analysis and interpretation of data, drafting of manuscript, 

AW: recruitment, data acquisition, critical and intellectual revision of manuscript, 

EI: recruitment, data acquisition, critical and intellectual revision of manuscript, CS: 

supervision of scanning, critical and intellectual revision of manuscript, AD: critical 

and intellectual revision of manuscript, TC: critical and intellectual revision of 

manuscript, AC: critical and intellectual revision of manuscript, EL: critical and 

intellectual revision of manuscript, ED: critical and intellectual revision of 

manuscript, KK: critical and intellectual revision of manuscript, JG: critical and 

intellectual revision of manuscript, JM: critical and intellectual revision of 

manuscript, HX: critical and intellectual revision of manuscript, PK: critical and 

intellectual revision of manuscript, SP: supervision, drafting of manuscript, PS: 

concept and design, drafting of manuscript, recruitment, data acquisition. 

 

Chapter 7 

Authorship:  

LB: conception and design, recruitment, data acquisition, scanning and 

supervision of scans, analysis and interpretation of data, drafting of manuscript, 

AW: recruitment, data acquisition, critical and intellectual revision of manuscript, 

EI: recruitment, data acquisition, critical and intellectual revision of manuscript, CS: 

supervision of scanning, critical and intellectual revision of manuscript, AD: critical 

and intellectual revision of manuscript, TC: critical and intellectual revision of 

manuscript, AC: critical and intellectual revision of manuscript, EL: critical and 

intellectual revision of manuscript, ED: critical and intellectual revision of 

manuscript, KK: critical and intellectual revision of manuscript, JG: critical and 

intellectual revision of manuscript, JM: critical and intellectual revision of 

manuscript, HX: critical and intellectual revision of manuscript, PK: critical and 



vi 
 

intellectual revision of manuscript, SP: supervision, drafting of manuscript, PS: 

concept and design, drafting of manuscript, recruitment, data acquisition. 

  



vii 
 

Contributors’ Initials/Names 

AC Amrit Chowdhary 

AD Arka Das 

AW Alice Wood 

AW  Ali Wahab 

CS Chris Saunderson 

DA David Adlam 

DB David Broadbent 

ED Erica Dall’Armellina 

EI Eunice Ikongo 

EL Eylem Levelt 

GF Graham Fent 

GG Gaurav Gulsin 

GM Gerry McCann 

HX Hui Xue 

JF James Foley 

JG John Greenwood 

JM James Moon 

JY Jian Yeo 

KK Kris Knott 

LB Louise Brown 

NJ Nick Jex 

NS Noor Sharrack 

PC Pei Gee Chew 

PG Pankaj Garg 

PK Peter Kellman 

PS Peter Swoboda 

SO Sebastian Onciul 

SP Sven Plein 

ST Sharmaine Thirunavukirasu 

TC Thomas Craven 

  



viii 
 

Abstracts 

1. Brown LAE, Saunderson CED, Onciul SC, Broadbent DA, Fent GJ, Foley 

JRJ, Garg P, Chew PG, Knot KD, Dall’Armellina E, Xue H, Greenwood JP, 

Swoboda, PP Moon JC, Kellman P, Plein S. Reduced myocardial perfusion 

reserve in systolic heart failure – a therapeutic target? Heart Jun 2018, 104 

(Suppl 6) A44-A45. Poster Presentation at BCS, Manchester UK, June 

2018. 

 

2. Brown LAE, Onciul SC, Broadbent DA, Fent GJ, Foley JRJ, Garg P, Chew 

PG, Knot KD, Dall’Armellina E, Xue H, Greenwood JP, Swoboda, PP Moon 

JC, Kellman P, Plein S. Reduced Myocardial Perfusion Reserve in Systolic 

Heart Failure is related to NYHA class but not Degree of LV Dysfunction. 

Abstract poster - CMR, Barcelona, Spain, February 2018. 

 

3. Brown LAE, Onciul SC, Broadbent DA, Fent GJ, Foley JRJ, Garg P, Chew 

PG, Knot KD, Swoboda, PP, Dall'Armellina E, Xue H, Greenwood JP, Moon 

JC, Kellman P, Plein S. Gender Difference in Response to Adenosine 

Stress Perfusion CMR. Oral Abstract Presentation at CMR 2018 Barcelona, 

Spain, February 2018. 

 

4. Brown LAE, Saunderson CED, Chew PG, Das A, Xue H, Knott KD, 

Dall’Armellina E, Levelt E, Moon JC, Kellman P, Greenwood JP, Plein S. 

Swoboda. Underlying mechanisms in heart failure and dysglycaemia. Oral 

Abstract Presentation at SCMR, Seattle, USA January 2019 

 

5. L Brown, CED Saunderson, A Das, T Craven, H Xue, K Knott, E Levelt, E 

Dall'Armellina, PP Swoboda, J Moon, JP Greenwood, P Kellman, S Plein. 

Assessing myocardial perfusion in heart failure - are we achieving adequate 

stress? Abstract at EuroCMR, Venice Italy, May 2019.  

 

6. L Brown, CED Saunderson, A Das, T Craven, H Xue, K Knott, E Levelt, J 

Moon, E Dall'Armellina, JP Greenwood, P Kellman, S Plein, PP Swoboda. 

Defining the phenotype of heart failure with mid-range ejection fraction by 

cardiovascular magnetic resonance. Abstract at EuroCMR, Venice Italy, 



ix 
 

May 2019. 

 

7. L Brown, A Wahab, C Saunderson, A Das, T Craven, A Chowdhary, N Jex, 

K Knott, E Levelt, E Dall’Armellina, H Xue, J Moon, J Greenwood, P 

Kellman, S Plein, P Swoboda. Underlying Mechanisms in Non-ischaemic 

Heart Failure. Abstract presented at SCMR Orlando, USA, February 2020. 

  



x 
 

Acknowledgements 

This work would not have been possible without the contribution and support of 

others. I would like to express my gratitude to my supervisors Professor Sven 

Plein and Professor John Greenwood. Their guidance, leadership and support 

has been invaluable, and it is a real privilege to have been part of the University 

of Leeds CMR team. 

 

My thanks go to Dr Peter Kellman, without whom this research would not have 

been possible.  His knowledge, enthusiasm and patience will stay with me 

throughout my career. And to Dr Peter Swoboda, for all his help, which remains 

ongoing, his enthusiasm, advice and guidance have been invaluable. 

 

To the AIC team, from beginnings where we were all learning as we went 

along, special thanks to David Shelley, for all his hard work in scanning, 

organising and administration, and for everything else that was asked of him, 

without him this would not have been possible.   Thanks to Dr David Broadbent, 

for his expertise and the patience in his explanations, his help in scanning and 

setting up our protocols and the many cups of coffee we consumed along the 

way. And to Dr Sebastian Onciul, for all his help in getting things up and 

running in the early days. Special thanks to my ‘buddy’ Dr Chris Saunderson for 

his support with recruitment, scanning and anything else, and for making work 

a more enjoyable place throughout this period. 

 

I am grateful to the research nurses, Petra, Hannah, Fiona and Eunice for all 

their invaluable help in setting up these studies and ensuring that they ran 

smoothly.  Particular thanks must go to Petra for her patience and help in my 

initial attempts at producing study paperwork and ethics, and to Hannah, who 

has gone above and beyond what could be expected in helping to recruit and 

scan patients, as well as providing friendship and support through some of the 

more challenging moments in research. 

 

And to the rest of the team; fellows, radiographers and assistants; Drs Fent, 

Foley, Garg, Chew, Das, Craven, Jex and Chowdhary, Gavin, Margaret, Lisa, 



xi 
 

Dave, Julian and Debbie, whose organisational skills are unmatched.  For all 

the support, discussion, knowledge and friendship over the three years, I have 

thoroughly enjoyed my time in Leeds and gained not only colleagues but 

friends. 

 

I am most grateful to all the patients and volunteers who participated in this 

research project. Their time and altruism have hopefully furthered our 

knowledge of this field and will lead to progress in patient care.  

 

Lastly, I would like to acknowledge the support of my family and friends outside 

work, for all their help and encouragement throughout this time. Most 

importantly, my parents whose support, love and guidance are with me in 

whatever I pursue. 

  



xii 
 

Abstract 

Introduction 

CMR is the gold standard imaging technique for assessment of cardiac function 

and volumes and can assess myocardial perfusion and tissue characteristics.  

Quantitative myocardial perfusion can detect microvascular disease in addition to 

obstructive coronary artery disease but has not been widely available due to time-

consuming manual processing.  Newly developed inline quantitative perfusion 

mapping allows assessment of myocardial perfusion in non-ischaemic myocardial 

disease in clinical practice. 

Aims 

To assess 1) repeatability of inline quantitative perfusion mapping by CMR, 2) 

establish normal values and variation with age and sex, 3) methodology for 

achieving adequate stress in patients, particularly in those with impaired ventricular 

function, 4) characteristics of patients with heart failure, including associated 

microvascular dysfunction and 5) characteristics of diabetic heart failure and 

markers of prognosis in this condition. 

Methods 

Participants were recruited between January 2017 and February 2020.  All 

underwent comprehensive CMR scans with inline quantitative perfusion.  Healthy 

volunteers were scanned to establish repeatability and normal values, patients with 

coronary artery disease and heart failure to assess adenosine protocols for stress 

imaging, and tissue characteristics of heart failure and diabetic heart disease. 

Results 

1) Quantitative perfusion CMR was shown to have repeatability similar to widely 

used methods of perfusion imaging including PET. 2) Normal values were 

established with a decline in stress MBF and MPR with age, and significantly 

higher MBF in females. 3) Patients with impaired ventricular function had an 

increase in stress MBF with higher dose adenosine, indicating they may require 

higher doses to achieve hyperaemia. 4) Native T1, ECV and MPR correlated with 

ejection fraction in patients with heart failure, worsening with impaired ejection 

fraction. 5) Patients with dysglycaemia and heart failure had higher T1 and lower 
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MPR than those with normoglycaemia.  MPR was an independent prognostic 

marker for cardiovascular events in dysglycaemia and heart failure.



xiv 
 

Table of contents 

Intellectual Property and Publication Statements ......................................... ii 

Acknowledgements ......................................................................................... x 

Abstract .......................................................................................................... xii 

Table of contents .......................................................................................... xiv 

List of Figures ............................................................................................... xix 

List of Tables .................................................................................................. xx 

Chapter 1 Background .................................................................................... 1 

1.1 Non-invasive assessment of ischaemia and blood flow .......................... 1 

1.1.1 Computed tomography ................................................................... 1 

1.1.2 Positron Emission tomography ....................................................... 3 

1.1.3 Cardiac Magnetic Resonance ......................................................... 4 

1.2 Myocardial perfusion in the absence of epicardial coronary disease .... 11 

1.3 Conclusions .......................................................................................... 12 

1.4 Cardiac Magnetic Resonance and Diabetic Heart Disease ................... 12 

1.4.1 Prevalence and burden of diabetes .............................................. 12 

1.4.2 CMR in diabetic heart disease ...................................................... 13 

1.4.3 Ischaemic Diabetic Heart Disease ................................................ 13 

1.4.4 Diabetic cardiomyopathy .............................................................. 16 

1.5 Conclusions .......................................................................................... 20 

1.6 Thesis Aims .......................................................................................... 20 

Chapter 2 Methods ......................................................................................... 22 

2.1 Study populations ................................................................................. 22 

2.1.1 Patient population for chapters 3, 4 and 5 .................................... 22 

2.1.2 Patient population for chapters 5, 6 and 7 .................................... 22 

2.1.3 Patient population for chapter 5 .................................................... 22 

2.2 Ethics and approvals ............................................................................ 23 

2.3 MRI protocols ....................................................................................... 23 

2.3.1 Cine imaging ................................................................................ 23 

2.3.2 T1 mapping .................................................................................. 24 

2.3.3 Perfusion ...................................................................................... 25 

2.3.4 Late gadolinium enhancement imaging ........................................ 26 

2.4 Common CMR analysis ........................................................................ 26 

2.4.1 LV and RV ejection fraction .......................................................... 26 



xv 
 

2.4.2 Parametric mapping ..................................................................... 26 

Chapter 3 Fully automated, inline quantification of myocardial blood flow 

with cardiovascular magnetic resonance: repeatability of 

measurements in healthy subjects ...................................................... 28 

3.1 Background .......................................................................................... 28 

3.2 Methods ................................................................................................ 28 

3.2.1 Study population ........................................................................... 28 

3.2.2 Study protocol .............................................................................. 29 

3.2.3 Quantitative analysis .................................................................... 31 

3.2.4 Reproducibility of analysis ............................................................ 31 

3.2.5 Statistical analysis ........................................................................ 32 

3.3 Results.................................................................................................. 34 

3.3.1 Intrastudy repeatability ................................................................. 34 

3.3.2 Interstudy repeatability ................................................................. 40 

3.3.3 Interobserver and Intraobserver repeatability ............................... 47 

3.4 Discussion ............................................................................................ 48 

3.4.1 Global perfusion analysis ............................................................. 49 

3.4.2 Regional assessment ................................................................... 52 

3.4.3 MPR assessment ......................................................................... 53 

3.4.4 Variation in resting MBF ............................................................... 53 

3.4.5 In-line perfusion mapping ............................................................. 54 

3.4.6 Study limitations ........................................................................... 55 

3.4.7 Conclusion .................................................................................... 55 

Chapter 4 Sex and age-specific normal values for automated quantitative 

pixel wise myocardial perfusion cardiovascular magnetic resonance

 ................................................................................................................ 56 

4.1 Introduction ........................................................................................... 56 

4.2 Methods ................................................................................................ 57 

4.2.1 Study population ........................................................................... 57 

4.2.2 Study protocol .............................................................................. 57 

4.2.3 In-line processing and quantitative analysis of perfusion data ...... 57 

4.2.4 Statistical analysis ........................................................................ 58 

4.3 Results.................................................................................................. 59 

4.3.1 Myocardial Blood Flow ................................................................. 61 

4.3.2 Sex.. ............................................................................................. 62 

4.3.3 Age.. ............................................................................................. 64 



xvi 
 

4.4 Discussion ............................................................................................ 70 

4.4.1 Global MBF .................................................................................. 70 

4.4.2 Regional MBF ............................................................................... 73 

4.4.3 Sex.. ............................................................................................. 74 

4.4.4 Age.. ............................................................................................. 75 

4.4.5 Study limitations ........................................................................... 75 

4.4.6 Conclusion .................................................................................... 75 

Chapter 5 A comparison of standard and high dose adenosine protocols 

in routine stress CMR: dosage affects hyperaemic myocardial blood 

flow in patients with severe LV systolic impairment. ......................... 80 

5.1 Introduction ........................................................................................... 80 

5.2 Methods ................................................................................................ 81 

5.2.1 Study population ........................................................................... 81 

5.2.2 Study protocol .............................................................................. 81 

5.2.3 Qualitative analysis ....................................................................... 82 

5.2.4 Quantitative analysis .................................................................... 82 

5.2.5 Subgroup analyses ....................................................................... 82 

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

5.3 Results.................................................................................................. 83 

5.3.1 Healthy controls ............................................................................ 83 

5.3.2 Patients ........................................................................................ 85 

5.3.3 Subgroup analyses ....................................................................... 91 

5.4 Discussion ............................................................................................ 95 

5.4.1 Duration of adenosine infusion ..................................................... 95 

5.4.2 Dose of adenosine infusion .......................................................... 96 

5.4.3 Impaired LV function ..................................................................... 96 

5.4.4 Haemodynamic response ............................................................. 97 

5.4.5 Clinical implications ...................................................................... 98 

5.4.6 Study limitations ........................................................................... 98 

5.4.7 Conclusions .................................................................................. 99 

Chapter 6 Aetiology of heart failure with mid-range ejection fraction: Deep 

phenotyping using CMR ..................................................................... 100 

6.1 Introduction ......................................................................................... 100 

6.2 Methods .............................................................................................. 101 

6.2.1 Study population ......................................................................... 101 

6.2.2 Patient characteristics ................................................................ 101 



xvii 
 

6.2.3 Study protocol ............................................................................ 101 

6.2.4 Qualitative analysis ..................................................................... 103 

6.2.5 Quantitative analysis .................................................................. 103 

6.2.6 Statistical analysis ...................................................................... 103 

6.3 Results................................................................................................ 103 

6.3.1 Clinical characteristics ................................................................ 105 

6.3.2 Prevalence of occult ischaemic heart disease ............................ 105 

6.3.3 Tissue characteristics ................................................................. 105 

6.4 Discussion .......................................................................................... 114 

6.4.1 Silent ischaemia and infarction ................................................... 114 

6.4.2 Non-ischaemic heart failure ........................................................ 115 

6.4.3 Nomenclature ............................................................................. 117 

6.4.4 Limitations .................................................................................. 118 

6.4.5 Conclusion .................................................................................. 118 

Chapter 7 CMR phenotyping in heart failure and diabetes: the role of 

dysglycaemia and microvascular dysfunction ................................. 119 

7.1 Background ........................................................................................ 119 

7.2 Methods .............................................................................................. 120 

7.2.1 Study population ......................................................................... 120 

7.2.2 Patient characteristics ................................................................ 120 

7.2.3 Study protocol ............................................................................ 120 

7.2.4 Image analysis ........................................................................... 121 

7.2.5 Quantitative analysis .................................................................. 121 

7.2.6 Statistical analysis ...................................................................... 122 

7.3 Results................................................................................................ 122 

7.3.1 Patient characteristics ................................................................ 122 

7.3.2 CMR assessment ....................................................................... 123 

7.3.3 Outcomes ................................................................................... 128 

7.4 Discussion .......................................................................................... 135 

7.4.1 Diabetes and Heart failure .......................................................... 135 

7.4.2 Diffuse fibrosis ............................................................................ 136 

7.4.3 Ischaemic heart disease ............................................................. 136 

7.4.4 HbA1c......................................................................................... 137 

7.4.5 Perfusion .................................................................................... 138 

7.4.6 Limitations .................................................................................. 138 



xviii 
 

7.4.7 Conclusions ................................................................................ 139 

Chapter 8 Final Discussion ......................................................................... 140 

8.1 Conclusions ........................................................................................ 140 

8.1.1 Repeatability of quantitative perfusion CMR ............................... 140 

8.1.2 Normal values in the healthy population ..................................... 140 

8.1.3 Adenosine stress CMR ............................................................... 140 

8.1.4 Heart failure defined by ejection fraction ..................................... 141 

8.1.5 Heart failure and dysglycaemia .................................................. 141 

8.2 Future directions ................................................................................. 142 

8.2.1 Further studies ........................................................................... 142 

References ................................................................................................... 144 

Appendices .................................................................................................. 175 

Appendix 1 – Ethical approval for chapters 3,4 and 5 ............................... 175 

Appendix 2 – Ethical approval for chapter 4 ............................................. 177 

Appendix 3 – Ethical approval for chapter 4 ............................................. 180 

Appendix 4 – Ethical approval for chapter 4 ............................................. 182 

Appendix 5 – Ethical approval for chapters 4 and 5 .................................. 184 

Appendix 6 – Ethical approval for chapters 5, 6 and 7 .............................. 187 

 

 

 

  



xix 
 

List of Figures 

Figure 1-1 Perfusion defect on standard CMR imaging ................................ 5 

Figure 1-2 American Heart Association 16 segment model ......................... 6 

Figure 1-3 Semi-quantitative assessment in CMR ........................................ 7 

Figure 1-4 Stress perfusion maps ................................................................ 11 

Figure 1-5 CMR assessment targets in diabetes and heart failure ............ 18 

Figure 2-1 Standard Stress CMR protocol ................................................... 24 

Figure 2-2 Contouring and bullseye plot in parametric mapping .............. 27 

Figure 3-1 Study Protocol ............................................................................. 30 

Figure 3-2 Rest and Stress MBF maps ......................................................... 33 

Figure 3-3 Global resting MBF on repeat throughout the same visit ......... 36 

Figure 3-4 Intrastudy repeatability................................................................ 37 

Figure 3-5 Interstudy repeatability................................................................ 43 

Figure 3-6 Correlation by slice ...................................................................... 45 

Figure 3-7 Correlation by coronary territory ................................................ 46 

Figure 4-1 Rest and Stress MBF in both sexes ........................................... 63 

Figure 4-2 Correlations between MBF, MPR and age .................................. 66 

Figure 4-3 Normal reference ranges for MBF and MPR .............................. 69 

Figure 5-1 Results in healthy control group ................................................ 85 

Figure 5-2 Stress heart rate and myocardial blood flow ............................. 90 

Figure 5-3 Difference in stress MBF between doses .................................. 93 

Figure 5-4 Difference in MBF between doses .............................................. 94 

Figure 6-1 CMR protocol ............................................................................. 102 

Figure 6-2 Recruitment into study .............................................................. 104 

Figure 6-3 Correlation with ejection fraction ............................................. 113 

Figure 7-1 Univariate Cox regression analysis .......................................... 131 

Figure 7-2 Kaplan Meier Survival curves by MPR ..................................... 133 

Figure 7-3 Kaplan Meier survival curves by IHD ....................................... 134 



xx 
 

List of Tables 

Table 3-1 – Intrastudy repeatability of global MBF measurements ............ 35 

Table 3-2 – Global rest MBF corrected for heart rate .................................. 39 

Table 3-3 - Interstudy repeatability of MBF measurements – by slice and 

coronary artery territory ....................................................................... 41 

Table 3-4 - Intra and inter-observer reproducibility..................................... 48 

Table 3-5 – Summary of literature on MFB repeatability ............................. 50 

Table 4-1 - Haemodynamic characteristics of participants ........................ 60 

Table 4-2 - Comparison between CMR centres ........................................... 61 

Table 4-3 - Comparison between contrast dosing ...................................... 61 

Table 4-4 - Global and coronary artery territory MBF ................................. 62 

Table 4-5 – Myocardial Blood Flow and Perfusion Reserve values in 

different sexes ....................................................................................... 64 

Table 4-6 - Summary of previous published data with larger groups of 

healthy volunteers ................................................................................. 71 

Table 4-7 – Segmental rest myocardial blood flow values ......................... 77 

Table 4-8 – Segmental stress myocardial blood flow values ..................... 78 

Table 4-9 – Segmental Myocardial perfusion reserve ................................. 79 

Table 5-1 – Haemodynamic response and MBF in healthy volunteers ...... 84 

Table 5-2 – Characteristics of patient groups .............................................. 86 

Table 5-3 - Haemodynamics and response to adenosine ........................... 88 

Table 5-4 - Difference in response to adenosine doses divided by HR 

response to standard dose ................................................................... 92 

Table 6-1 – Clinical features ........................................................................ 107 

Table 6-2 - Volumetrics ................................................................................ 109 

Table 6-3 - Presence of ischaemic heart disease or late gadolinium 

enhancement ....................................................................................... 110 

Table 6-4 - Parametric data ......................................................................... 111 

Table 7-1 - Patient characteristics .............................................................. 124 

Table 7-2 - CMR Assessment ...................................................................... 126 

Table 7-3 - CMR Parametric mapping ......................................................... 127 

Table 7-4 - MACE events by glycaemic status ........................................... 128 

Table 7-5 - Patient characteristics by presence of MACE ......................... 129 

Table 7-6 - MACE events and CMR findings .............................................. 130 

Table 7-7 - Multivariate Cox regression ..................................................... 132 



xxi 
 

List of Abbreviations 
 

AF  atrial fibrillation 

AHA  American Heart Association 

AIF  arterial input function 

ANOVA  analysis of variance 

BP blood pressure 

BTEX  blood tissue exchange 

CAD  coronary artery disease 

CFR coronary flow reserve 

CMR  cardiovascular magnetic resonance 

CTCA computed tomography coronary angiogram 

CV  coefficient of variation 

Cx  circumflex 

DCM dilated cardiomyopathy 

ECG  electrocardiogram 

ECV  extracellular volume 

EDV end diastolic volume 

EF  ejection fraction 

ESC  European Society of Cardiology 

ESV end systolic volume 

FFR fractional flow reserve 

FLASH   fast low angle shot 

GBCA   gadolinium based contrast agent 

Hct haematocrit 

HF   heart failure 

HFmrEF   heart failure with mid-range ejection fraction 



xxii 
 

HFpEF   heart failure with preserved ejection fraction 

HFrEF   heart failure with reduced ejection fraction 

HR   heart rate 

ICC  intraclass correlation coefficient 

IHD  ischaemic heart disease 

IQR interquartile range 

LAD  left anterior descending 

LGE  late gadolinium enhancement 

LV  left ventricle 

LVH left ventricular hypertrophy 

MACE  major adverse cardiovascular event 

MBF myocardial blood flow 

MI myocardial infarction 

MOCO motion-corrected 

MOLLI MOdified Look Locker Inversion recovery 

MPR myocardial perfusion reserve 

NYHA  New York Heart Association 

PD  proton density 

PET positron emission tomography 

RC  reproducibility coefficient 

RCA  right coronary artery 

RPP  rate pressure product 

SD  standard deviation 

TE  echo time 

TR  repetition time 

TS  saturation recovery time 



1 
 

Chapter 1  

Background 

Coronary artery disease (CAD) is a leading cause of morbidity and mortality 

globally(1,2).  Management is guided by the presence of significant stenoses and 

the degree of flow limitation and can be medical or interventional, either with 

percutaneous intervention or surgical revascularisation. It is now recognised that 

knowledge of the functional significance of disease is preferable to guide 

management(3,4). 

The current gold standard for assessment of CAD is invasive coronary 

angiography, with the use of fractional flow measurements to assess pressure 

drop over a lesion and determine its functional significance(4,5). 

Coronary angiography is however an invasive procedure, exposing patients to 

ionising radiation and procedural risk.  Without suitable screening prior to referral 

for this test, a high proportion of patients may have no significant stenosis on 

angiography(6). 

A number of imaging techniques exist that are able to assess the presence of 

coronary disease and provide additional information including myocardial viability 

and burden of ischaemia, as well as the ability to quantify left ventricular (LV) 

function. Computed tomography coronary angiography (CTCA),  positron emission 

tomography (PET) and cardiovascular magnetic resonance (CMR) all feature in 

guidelines for the assessment of coronary syndromes(4) showing high diagnostic 

accuracy. 

1.1  Non-invasive assessment of ischaemia and blood flow  

1.1.1 Computed tomography  

CTCA is recommended by NICE as the first line investigation for patients with 

typical or atypical chest pain(7), and by the European Society of Cardiology (ESC) 

in patients with low clinical likelihood and no history of CAD(4). 

Without direct visualisation of the coronary artery lumen, a CT scan be used to 

provide a calcium score, an estimation of the calcium burden within the coronary 

tree.  This is a simple procedure, acquired during one breath-hold with no 

requirement for intravenous contrast or additional medication.  Scores above 1 are 
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associated with increasing risk(8). In asymptomatic patients, calcium scores can 

predict future risk of cardiovascular events(9), while in symptomatic patients, the 

score has been shown to correlate to the degree of artery stenosis(10). A calcium 

score of zero is associated with low cardiovascular risk, although this cannot fully 

rule out the presence of significant coronary disease(11) therefore CT angiography 

is also required. 

CTCA allows non-invasive anatomical evaluation of the coronary arteries.  Using 

an intravenous iodinated contrast agent, the coronary artery lumen can be 

visualised in a scan which only takes minutes. This method provides a high degree 

of accuracy in detecting obstructive coronary disease defined by invasive 

angiography.   

CTCA has been shown to have excellent sensitivity (99%) and negative predictive 

value (97%) for CAD(12) but has poor diagnostic accuracy in detecting 

haemodynamically significant lesions(13), overestimating occlusive plaque, with a 

sensitivity of 63%. This results in a grey area, with stenoses estimated between 

50-90% on visual assessment not always resulting in functionally significant 

obstruction. In the absence of flow measurement, it is generally recommended that 

functional testing is required if this level of stenosis was detected.  

The addition of CT-FFR (fractional flow reserve) adds a quantitative aspect to CT 

assessment.  With the use of computational flow dynamics, algorithms allow the 

calculation of coronary flow and pressure from a CTCA scan enabling production 

of a CT FFR value(14). These results have been shown to be comparable to 

invasive FFR measurements(15) and values <0.8 are prognostically associated 

with higher risks of revascularisation, myocardial infraction and death(16).  

Decision making in complex coronary disease has been shown to have high 

agreement when based solely on CTCA when compared to using conventional 

angiography(17). 

CT examination has benefits to the patient with speed of the test and is generally 

well tolerated but has negatives in the use of ionising radiation and iodinated 

contrast agents, contraindicated in low GFR. Its accuracy relies on lower heart 

rates (ideally <60bpm) which may require administration of beta blockers at the 

time of scan. 

CT provides some additional prognostic information; the presence of non-

obstructive plaque can be used to guide therapy and medical prevention.  The 
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addition of CTCA to standard care has been shown to increase use of antianginal 

and preventative therapies, and result in lower rate of death from coronary disease 

and non-fatal myocardial infarction(18). 

1.1.2 Positron Emission tomography 

PET imaging relies on the detection of photons emitted during the decay of a 

radiolabelled tracer specifically used for these scans.  PET can produce three 

dimensional images of the distribution and uptake of these tracers, in the case of 

myocardial perfusion imaging, absolute concentration of the tracer can be mapped, 

allowing images of the distribution throughout the myocardium in first pass 

perfusion. Early PET studies relied on qualitative assessment of myocardial 

perfusion, or semiquantitative analysis, normalising all myocardial data to the area 

of highest perfusion using static uptake images of radioactive tracers such as 

82Rb and 13NH3.  These methods were widely used and shown to be a sensitive 

and specific method for diagnosis of coronary disease.  However, the use of 

relative comparison meant that the presence of multivessel disease was more 

challenging to diagnose, where all segments would have reduced perfusion, with 

little distinction between regions. 

Quantitative PET allowed an estimate of absolute perfusion without relying on this 

comparison and early studies showed that it was able to better assess the extent 

of coronary disease(19). As the first non-invasive modality to quantify myocardial 

perfusion, the majority of studies showing the additional value of quantification are 

from PET data.   

In a study of 104 patients with moderate pre-test probability of CAD, it was shown 

that absolute quantification of  MBF improved specificity and positive predictive 

value compared to relative perfusion analysis(20).  This improvement was 

particularly seen in multivessel disease.  

In addition to providing improved diagnostic accuracy, quantitative assessment 

was able to provide prognostic information.  Abnormal perfusion and coronary flow 

reserve (CFR – the ratio of stress and rest blood flow) have been shown to predict 

poorer outcomes with increased risk of MACE (major adverse cardiac event) and 

cardiac death.  CFR has also been shown to provide additional prognostic data 

above perfusion; in those with abnormal myocardial perfusion, normal CFR 

conveys lower risk than both abnormal perfusion and abnormal CFR(21).  
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In comparison to other imaging modalities, PET involves ionising radiation and 

produces limited anatomical information, although this may change as hybrid 

techniques involving CT or MRI are brought into practice.  

1.1.3 Cardiac Magnetic Resonance 

CMR provides the gold standard for assessment of cardiac function, structure and 

tissue characterisation. One of the main uses of CMR is for detection of myocardial 

ischaemia(22). 

1.1.3.1 Qualitative assessment 

In clinical practice, CMR is currently a qualitative technique.  Hyperaemia is 

achieved using pharmacological stress, most commonly with adenosine, although 

regadenoson and dobutamine are also used.  Adenosine produces vasodilation in 

the coronary circulation.  In normal myocardium this leads to dilatation of the 

coronary vascular bed, but where coronary stenosis exists, the microvasculature 

distal to the stenosis is already dilated at rest, and therefore cannot increase 

perfusion.  Adenosine therefore causes a ‘steal effect’ seen in MRI imaging with 

brighter areas of increased contrast in normally perfused myocardium, and darker 

areas of hypoperfusion where stenoses are present (Figure 1). 

Short axis slices are obtained in the basal, mid and apical portions of the left 

ventricle to ensure coverage of the whole myocardium, and images are acquired 

during first pass of gadolinium-based contrast.  Visual assessment by an 

experienced operator identifies areas of relative hypoperfusion, corresponding to 

reduced myocardial perfusion.   
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Figure 1-1 Perfusion defect on standard CMR imaging 

The figure on the left shows uniform contrast uptake throughout the myocardium 

during rest perfusion.  On the right, during adenosine induced stress, areas of 

hypoperfusion (indicated with arrow) are seen. 

 

Resting perfusion images may also be obtained and can help identify artefacts but 

are not universally used. This method has been shown to be an effective 

diagnostic approach(23) and a negative scan carries a good prognosis with a 3 

year event free survival of over 99%(24). 

The extent of ischaemia can be evaluated using the AHA (American Heart 

Association) 16 segment model(25), or the adapted 32 segment model, where 

segments are subdivided into epicardial and endocardial components taking 

advantage of the spatial resolution of CMR(26). The ischaemia extent is then used 

to predict patient risk and guide management with involvement of 4 of 32 

segments of the myocardium or ≥1.5 of 16 segments indicating moderate to 

severe ischaemia and recommending intervention (27,28). 
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Figure 1-2 American Heart Association 16 segment model 

The myocardium is divided into 16 segments, which can be further divided (as 

shown on the right image) into 32, with endocardial and epicardial segments. The 

burden of ischaemia can be estimated using these segments, and the presumed 

culprit coronary artery identified. 

 

This method of assessment can be less accurate in ‘balanced ischaemia’ – where 

all three coronary territories have reduced perfusion, or in microvascular 

dysfunction, again resulting in global reduction in myocardial perfusion, a feature 

that can account for chest pain, and is common in cardiomyopathies. 

In order to improve accuracy, and reproducibility, particularly in these challenging 

cases, quantitative perfusion can be used, providing absolute values of myocardial 

blood flow at stress and rest, and a myocardial perfusion ratio (stress MBF: rest 

MBF) equivalent of CFR in PET. 

Early studies demonstrated that quantitative analysis of CMR data was accurate in 

detecting significant coronary stenoses and improved the ability to detect 

multivessel disease(29).  
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1.1.3.2 Semi quantitative perfusion 

Initially semi-quantitative assessment of perfusion utilising time-signal intensity 

curve of contrast in myocardial segments was used.  Time signal intensity curves 

plot the intensity of contrast signal within the myocardium against time, various 

methods of estimation are used (Figure 3): 

i. initial area assessment - using area under the myocardial signal intensity 

curve, up until the peak of arterial input (signal from the blood pool).  This 

method of assessment has been shown to correlate with microsphere 

measurement of MBF(30).  

ii. upslope measurement – uses the maximal slope of the ascending signal 

intensity curve, and uses the ratio of this parameter in stress to rest to 

produce a relative perfusion index which has been shown to provide high 

diagnostic accuracy for the detection of significant coronary stenosis and to 

correspond with findings in PET and invasive angiography(31,32).  

iii. contrast enhancement ratio - calculated as the increase in signal intensity of 

a region of interest/baseline signal intensity.  

 

 

 

Figure 1-3 Semi-quantitative assessment in CMR 

Initial area measures the area under the curve of myocardial signal, up to the peak 

of AIF (arterial input function) signal. AIF signal is taken from the blood pool. 

Upslope measurement utilises the gradient of myocardial signal intensity increase. 

Contrast enhancement uses a ratio of increase in myocardial signal intensity 

compared to baseline. 
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While calculation of these estimates may be automated, it is usual to require 

manual delineation of the myocardium or area of interest in each acquired phase. 

Semi-quantitative perfusion measurements show a linear relationship to absolute 

myocardial blood flow at lower rates, but as blood flow increases (in hyperaemia) 

this relationship is lost and there is a tendency to underestimate flow(33), 

potentially limiting their diagnostic ability and encouraging the use of fully 

quantitative CMR. 

1.1.3.3 Fully quantitative perfusion 

Absolute quantification of myocardial blood flow has been considered in CMR for 

some time, with the goals of providing a more objective assessment of perfusion 

and providing the ability to detect disease with global reduction in flow.  

In order to achieve absolute quantification, this technique requires measurement of 

myocardial enhancement and the arterial input function (AIF). This information is 

then converted into Gd concentration and a model of contrast behaviour in 

myocardial tissue is required to go on to derive absolute myocardial blood flow.  

The AIF models the arterial transit and delivery of contrast to the myocardium.  

This can be derived from signal intensity curves measured from the blood pool 

(usually left ventricular cavity).   

Accurate signal intensity curves must be obtained for myocardium and AIF.  Due to 

the high concentration of contrast in blood pool during first pass, resulting in T1, T2 

and T2* effects not present when more diluted, the two curves cannot be obtained 

from a single measurement.   

Contrast enhancement in the blood pool initially has a linear relationship to 

contrast concentration, but this is lost at higher concentrations as signal saturation 

occurs. (34). This can lead to underestimation of arterial contrast enhancement 

which would in turn lead to overestimation of MBF.  In order to avoid this, a variety 

of methods have been developed to produce accurate measurements such as  

i. dual bolus technique – a lower, dose of contrast is administered first to 

obtain the AIF curve, before a higher dose is given to obtain myocardial 

measurements.  The 2 doses are in proportion to each other, and AIF 

results can then be scaled to use with myocardial results. The involvement 

of 2 separate boluses for both stress and rest perfusion means that this 

technique adds time and complexity to the CMR study. 
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ii. use of lower concentration contrast dosages – this avoids saturation of the 

blood pool signal but results in reduced contrast to noise in the 

myocardium. 

iii. retrospective correction for signal saturation - using calibration curves to all 

conversion of signal intensity into a linear, Gd concentration 

iv. dual sequence - providing full coverage of the myocardium, with one slice 

repeated and optimised for high Gd concentrations in the blood pool(35) 

Signal intensity curves for the myocardium are influenced by the dynamics of 

contrast transit within the myocardium, and by AIF.  The combination of tissue and 

AIF curves are deconvoluted to produce a residual function, reflecting only the 

transit through myocardium, and absolute value of MBF are extracted from this.  

Again, a variety of models have been developed for this step, based on 

i. distributed parameters – using longitudinal variation in contrast 

concentration though the intravascular space and/or the extracellular, 

extravascular space(36) 

ii. compartments -   similar to distributed parameters but using the assumption 

that contrast agent concentration varies only with time and not axially. 

iii. indicator dilution theory – such as the Fermi model where deconvoluted 

signal intensity is fitted to the Fermi function (modelling the probability that a 

contrast molecule has left the myocardium) and amplitude represents 

myocardial blood flow(37). 

From early studies validating these techniques against microspheres in animal 

studies(38,39), they have gone on to be validated against coronary angiography 

and invasive FFR showing correlation between MBF and MPR with intracoronary 

doppler, visual assessment of stenosis at angiography and FFR, and a high 

sensitivity in detection of significant flow limiting disease (37,40,41). Studies 

validated against PET showed good correlation in values between PET and CMR, 

but weaker correlations in absolute values, suggesting absolute ranges or cut-offs 

from one modality may not apply to the other(42,43). 

In some studies fully quantitative perfusion has been shown to be superior to 

semiquantitative and qualitative methods of diagnosis(44), however other studies, 

particularly using high resolution imaging with 3T scanners, or experienced 

operators have not observed a significant difference(45–47). 
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Although these techniques were shown to provide benefit in diagnosis in some 

studies, others were less positive showing no significant different in diagnosis of 

significant coronary disease.  In addition, the manual segmentation and processing 

of the data adds greatly to analysis time, taking up to 1 hour per patient in some 

studies(45). 

1.1.3.4 Automated quantitative perfusion 

In order to make quantitative perfusion CMR viable for clinical usage, the time 

taken in processing and analysis needs to be reduced.  Automating this process 

has been the focus of ongoing research and recently sequences have been 

produced that provide inline quantitative perfusion analysis, so that this data can 

be analysed at the same time as the clinical study(48,49).  

This fully automated, inline approach was first developed by Kellman et al, using 

sequences and processing within the Gadgetron framework(50) to allow 

production of pixelwise perfusion maps within minutes of perfusion acquisition.  

This method uses a dual sequence approach, AIF is calculated from the LV blood 

pool using low resolution images, optimised for high gadolinium concentration.  

Higher spatial resolution images are acquired of the myocardium and used to 

estimate myocardial perfusion. The sequence used to obtain AIF is a low-

resolution FLASH protocol with two echoes, resulting in short echo times to 

minimise T2* losses at high concentration and allow remaining T2* losses to be 

estimated and corrected. 

Both AIF and myocardial imaging sequences include 3 measurements of proton 

density (PD) weighted images. Images are motion corrected and then corrected for 

surface coil intensity variation based on the proton density weighted images.  

AIF data are extracted from the low-resolution Gd concentration images using 

automated segmentation of the LV cavity. Signal intensity data are converted to 

Gd concentration (mmol/L) based on automatically generated look-up tables for 

the magnetization Bloch simulation.  

MBF is calculated on a pixel-wise basis in the high-resolution images by blood 

tissue exchange (BTEX) model(51) constrained deconvolution incorporating 

estimation of the delay time between bolus arrival in the LV cavity and the tissue of 

interest. 
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The output includes source signal intensity first-pass images with and without 

motion correction, and pixelwise MBF maps (Figure 4).  Additional output to aid 

quality control include RR intervals throughout acquisition, blood pool 

segmentation and AIF curves. 

 

 

Figure 1-4 Stress perfusion maps 

Pixelwise stress perfusion maps produced inline during clinical CMR scanning.   

A – normal myocardial perfusion with high, uniform MBF throughout the 

myocardium. B – Previous myocardial infarction shows in an area of low MBF 

(arrowed) and uniform perfusion throughout the rest of the myocardium. C – 

Multivessel coronary artery disease – areas of low MBF are seen throughout the 

myocardium (arrowed) with an epi-endocardial gradient. 

 

This method has been validated against PET showing strong correlation both in 

global and regional absolute values of MBF at stress and rest, and a similarly 

strong correlation in MPR(52). It provides the ability to perform rapid, quantitative 

assessment of myocardial blood flow during a scan, so that sequences can be 

repeated or adjusted as required ensuring a comprehensive dataset is obtained. 

1.2 Myocardial perfusion in the absence of epicardial coronary 

disease 

Quantitative perfusion may also be useful outside epicardial coronary disease.  

Studies have shown decreased myocardial perfusion associated with impaired LV 

systolic function, and in one study of patients with idiopathic LV impairment, 

quantitative PET analysis demonstrated severely reduced stress MBF 

(≤1.36ml/g/min) to be a predictor of poor prognosis, independent of the degree of 

dysfunction(53).  
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Microvascular dysfunction is known to be a feature of cardiomyopathies such as 

HCM, Fabry’s and amyloidosis.  In HCM patients have been shown to have 

impaired stress perfusion associated with increased wall thickness and fibrosis, 

although also present in non-hypertrophied segments(54).  In one study this has 

been shown to be an independent predictor of cardiovascular events and 

death(55).  

PET studies have shown the presence of microvascular dysfunction in Fabry’s 

disease, independent of the degree of hypertrophy or sex of the patient, and may 

be the first manifestation of the disease(56). Studies have used this dysfunction as 

a measurement of response to treatment(57) and it has been postulated that this 

dysfunction may play a part in the progression of fibrosis in this condition(58). 

Microvascular dysfunction has been shown to be prevalent in amyloidosis, with 

lower levels of both stress and rest perfusion compared to patients with 

hypertensive LVH(59).  

In a PET study of 58 patients with typical angina, but normal coronary arteries, a 

large proportion (72%) had reduced CFR with abnormal resting and stress MBF 

suggesting microvascular dysfunction and a potential treatment target in these 

patients(60). 

1.3 Conclusions 

Across modalities the benefits in quantitative perfusion have been demonstrated.  

Within cardiac imaging, CMR has the benefits of lack of ionising radiation, and 

ability to provide comprehensive data including LV volumes and function, and 

tissue characteristics alongside perfusion assessment.  Quantitative perfusion has 

applications outside epicardial coronary disease, having been identified as 

abnormal across a spectrum of myocardial disease, and may be a prognostic 

marker in these conditions. 

1.4 Cardiac Magnetic Resonance and Diabetic Heart Disease 

1.4.1 Prevalence and burden of diabetes 

The prevalence of type 2 diabetes mellitus and its global health burden has 

increased over the last 3 decades and is projected to continue to rise.  It is 

currently estimated that there are over 450 million people with a diagnosis of 
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diabetes worldwide, projected to rise to near 693 million by 2045 (61–63). Nearly 

10% of global health expenditure is spent on diabetes(64).  

Diabetes is associated with  significant increases in all-cause mortality, and in 

cardiovascular mortality(65,66). Diabetes greatly increases the risk of 

cardiovascular disease including coronary artery disease and heart failure and is 

one of the leading causes of death and of years lost due to disability. In those with 

type 2 diabetes, nearly 51% of all-cause mortality is contributed by cardiovascular 

disease(67). Cardiovascular complications are associated with the majority of 

diabetes related morbidity and mortality, emphasising the importance of early 

diagnosis, intervention and understanding of the pathology in order to guide 

treatment.  

The category of ‘pre-diabetes’, defined by HbA1c 42-47mmol/mol(68), comprises 

patients who have evidence of dysglycaemia and are at risk of developing 

diabetes. This group may benefit from early assessment and targeted treatment to 

prevent progression to diabetes and associated complications. 

1.4.2 CMR in diabetic heart disease 

Cardiovascular magnetic resonance is increasingly used as a research tool to 

investigate subclinical changes in diabetes and can provide a wide range of 

information about the diabetic cardiovascular phenotype. In a single examination, it 

is possible to make accurate and reproducible assessment of structure and 

function, the presence of ischaemic scar using late gadolinium enhancement 

(LGE), and diffuse fibrosis using T1 mapping. In addition, the presence of 

ischaemia can be assessed with both quantitative and qualitative methodology. 

While other imaging modalities can be used, CMR has multiple advantages over 

PET and echocardiography in the assessment of diabetic heart disease.  The 

associated tendency to obesity in type 2 diabetes means imaging windows are 

often poor, and increased doses of ionising radiation are required to achieve 

adequate information in PET.  CMR offers the advantages of better spatial 

resolution, lack of ionising radiation, and multiparametric assessment within a 

single test. 

1.4.3 Ischaemic Diabetic Heart Disease 

Coronary artery disease and its complications remain the most common cause of 

mortality and morbidity in patients with diabetes(69).  Myocardial ischaemia and 
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obstructive coronary artery disease carry significantly increased rates of 

myocardial infarction (MI) and death in patients with diabetes(70).  Early studies 

classed diabetes as an equivalent to coronary artery disease, with patients with a 

diagnosis of diabetes having as high a risk of myocardial infarction as patients 

without diabetes, but with known previous infarction(71).  

While there is an increased risk of CAD, subsequent studies have suggested that 

this is an overestimation, with meta-analysis demonstrating a 43% lower risk of 

cardiac events in patients with diabetes without myocardial infarction compared to 

patients without diabetes, but previous MI(72).  Registry data has shown that 

patients with diabetes are more likely to be on preventative medications including 

statins and aspirin, but then have the equivalent risk of cardiovascular events to 

those without diabetes following normal coronaries on angiography(73), potentially 

demonstrating the importance of preventative medication in this group and the 

importance of early identification of ischaemia or silent coronary disease. 

Current techniques to assess risk in patients with suspected ischaemic heart 

disease involve assessment of global function (left ventricular ejection fraction - 

LVEF) and of the degree and extent of myocardial ischaemia and scar. 

1.4.3.1 Diagnosis of ischaemia 

The presence of ischaemia has been shown to be prognostic in diabetes, whether 

symptomatic or asymptomatic.  

In a study including 328 patients with diabetes and suspected ischaemic heart 

disease, undergoing dobutamine stress CMR, 27% were found to have 

dobutamine induced wall motion abnormalities.  The presences of these 

abnormalities was a predictor of cardiac death (Hazard ratio (HR) 8.6, CI 3.5-

21)(74).   

In another study of 1737 patients with diabetes, 44% of those with angina were 

shown to have ischaemia, with annual critical event rates of 2% in those with 

normal scans, 5.2% in those with ischaemia and 7.6% in those with both 

ischaemia and scar(75).  Annual critical event rates for the same scan results were 

1.6%, 2.9% and 4.0% in asymptomatic patients, demonstrating the effect of even 

asymptomatic ischaemia.  In further analysis, extent of ischaemia was shown to be 

an independent predictor of events. 
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Results from the Swedish Heart Failure registry demonstrated a decreased 

mortality risk in patients with diabetes who had CAD and had received 

revascularisation (HR 0.82, CI 0.75-0.91)(76) underlining the importance of 

diagnosis in order to direct management. 

Diagnostic sensitivity of stress perfusion CMR has been validated against coronary 

angiography for assessment of significant coronary disease(23,77,78) and allows 

the assessment of perfusion defects together with function and scar together with 

perfusion. 

1.4.3.2 Detection of unrecognised MI 

Although the majority of patients with diabetes and CAD present with angina, 20-

30% may have silent ischaemia, occurring more commonly in those with diabetes 

than those without and associated with a worse prognosis(79,80). 

CMR is able to detect unrecognised MI in patients with diabetes, due to the 

presence of late gadolinium enhancement in the characteristic pattern of infarction.  

In a study of 107 patients with diabetes, with no clinical history of MI, 28% were 

found to have LGE in keeping with a previous MI(81).  Several other 

cardiovascular imaging studies have shown that type 2 diabetes is associated with 

increased rates of CAD(82), silent myocardial ischaemia(83) and silent MI (84,85). 

In a study of 350 patients with impaired fasting glucose or diabetes,  the 

prevalence of prior MI was 15.9% in patients with type 2 diabetes undergoing 

clinical CMR scans(86) and 8.3% in patients with impaired fasting glucose, 

suggesting the risk of unrecognised MI occurs in prediabetes as well as those with 

confirmed diabetes.  

Patients with prior MI have increased hazard for a major adverse cardiovascular 

event (HR 3.71, P<0.001) and all-cause mortality (HR 3.61, P=0.007)(81).  In a 

study including 266 patients with diabetes, clinically unrecognised MI detected by 

LGE was associated with similar long-term risk or mortality when compared to 

patients with clinical MI (28% vs 33%, P=0.40)(87). 

The mechanism for increased rates of unrecognised myocardial infarction in type 2 

diabetes is thought to relate to neuropathy and decreased awareness of cardiac 

chest pain in this population although the increased incidence in the pre-diabetic 

population, where neuropathy would not be expected to be present, points to a 

more complex explanation.  
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The detection of both ischaemia and previous myocardial infarction allows the 

targeting of medical therapies and coronary intervention to attempt to reduce the 

associated morbidity and mortality. The benefits of quantitative perfusion and the 

ability to detect global decreases in myocardial perfusion are particularly important 

in this population, where three-vessel disease is more commonly found, and the 

presence of ‘balanced ischaemia’ can make non-invasive diagnosis of ischaemia 

more challenging. 

1.4.4 Diabetic cardiomyopathy 

The presence of heart failure in diabetes has been reported since early 

studies(88).  Type 2 diabetes mellitus has been shown to be a risk factor for the 

development of heart failure, independent from conventional risk factors such as 

age, sex, existing coronary artery disease and hypertension(89–91).  

Type 2 diabetes is an independent predictor of cardiovascular morbidity and 

mortality in heart failure in both impaired and preserved ejection fraction. 

Outcomes in the CHARM study showed higher relative risk of cardiovascular death 

or heart failure hospitalisation in both groups (HR 1.60, CI 1.44-1.77 in impaired 

EF and HR 2.0, CI 1.70-2.36 in preserved EF)(92). Heart failure (HF) with reduced 

ejection fraction is a predictor of poor outcomes in type 2 diabetes(93–95). 

In a UK population study of nearly 2 million patients without known cardiovascular 

disease, heart failure was shown to be one of the earliest manifestations of 

cardiovascular disease in those with diabetes.  Over a median period of follow up 

of 5.5 years, presentation with heart failure was more common than myocardial 

infarction, angina or death due to CAD.(96)  

Another study of recently diagnosed patients with diabetes demonstrated an 

increased incidence of HF diagnosis with increasing severity of dysglycaemia. An 

incidence of 2.3/1000 person years was seen in those with HbA1c 

<6%(42.1mmol/mol), increasing to 11.9/1000 person years in those with 

HbA1c≥10% (85.8mmol/mol) (97). Similar results have been seen in other studies 

(98), suggesting HbA1c as an independent risk factor for heart failure.  

In patients without diabetes, those with raised HbA1c (pre-diabetes) have also 

shown an increased incidence of heart failure(99,100) however in randomised 

controlled trials intensive control of glucose has been shown not to reduce the risk 

of hospitalisation from heart failure(101). More recently, newer hypoglycaemic 
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agents appear to reduce the risk of heart failure admissions in patients with 

diabetes, independently of glucose lowering properties(102–104) although the 

mechanism for this is unknown.  

The precise mechanisms behind diabetic cardiomyopathy are unclear.  Early 

changes are thought to be a product of non-ischaemic organ and tissue level 

remodelling(90) involving altered substrate metabolism, impaired calcium handling, 

increased reactive oxygen species and microvascular advanced glycation end 

product deposition(105).  

These changes lead to extracellular cardiac fibrosis, which ultimately leads to 

myocyte dysfunction and adverse clinical outcomes(106–108). Patients with 

diabetes have shown a change in myocardial structure and function to produce 

diabetic cardiomyopathy, originating in the myocardial tissue with expansion of 

extracellular matrix, myocardial steatosis and hypertrophy(109–111). These 

mechanisms present parameters than can be assessed using CMR (Figure 5). 

1.4.4.1 Detection of fibrosis and scar 

CMR studies have shown the presence of abnormal diabetic pathophysiology 

occurring in the absence of ischaemic heart disease.  Multiparametric 

cardiovascular imaging has been used to detect subclinical changes in cardiac 

structure and function in type 2 diabetes mellitus including increased left 

ventricular mass, concentric remodelling of the left ventricle (112–114) and 

diastolic dysfunction(115,116).  In a study of over 4000 asymptomatic participants 

without known cardiovascular disease, patients with diabetes were found to have 

increased LV mass, decreased stroke volume and LVEF(113). 

T1 mapping can be used to detect focal and diffuse fibrosis that may not be easily 

detected on LGE imaging.  Changes in extracellular volume (ECV) affect T1 

relaxation time of the myocardium and in both interstitial oedema and fibrosis, ECV 

is increased, leading to an increase in native T1 enabling detection of 

asymptomatic, potentially minor, cardiac remodelling. 
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Figure 1-5 CMR assessment targets in diabetes and heart failure 

CMR is able to accurately assess the phenotype in heart failure, but also has the 

ability to assess early, subclinical changes including microvascular impairment and 

interstitial fibrosis. 
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CMR T1 mapping studies have suggested that type 2 diabetes mellitus is 

associated with diffuse fibrosis and increased cardiac ECV (106,117–119).  This 

increased ECV is associated with long term prognosis(120).  T1 mapping in 

diabetes allows the detection of some of the earliest changes in diabetic heart 

disease. In a study of 50 patients with diabetes and normal EF, they were found to 

have reduced T1 and therefore increased EVC compared to healthy volunteers.  

Shortening of T1 was also found to be associated with reduction in global 

longitudinal strain(117).  In a further study of patients with diabetes and no known 

CAD, decrease in T1 was shown to be associated with diastolic function, impaired 

exercise capacity and increased insulin resistance(118).  

ECV, and the presence of diffuse fibrosis, has been suggested as a potential 

maker in disease.  In order to use it as a marker, it would need to be independently 

associated with adverse risk, ideally with the risk being modifiable. This has not yet 

been shown in diabetic cardiomyopathy.  In a study of 81 patients with type 2 

diabetes and evidence of diastolic dysfunction on echocardiography randomised to 

either spironolactone 25mg od or placebo, spironolactone was associated with an 

improvement in diastolic function but there was no change in post contrast T1 

time(121).   

ECV has been shown to correlate with HbA1c (122) although no relationship was 

seen with either duration of the disease or diabetic complications(123).  

1.4.4.2 Myocardial perfusion 

Clinical use of CMR to look for the presence of ischaemia in patients with diabetes 

has largely relied on qualitative assessment of visual perfusion defects seen in 

adenosine stress perfusion and regional wall motion abnormalities in dobutamine 

stress perfusion. 

Quantitative perfusion offers further benefits in the area of diabetes and 

cardiomyopathy; in addition to diagnosis of obstructive coronary artery disease, 

MPR has previously been found to be lower in patients with diabetes. With the 

ability to assess this accurately, it offers another insight into the pathophysiology of 

diabetic heart disease and potential for risk stratification potential therapeutic 

intervention. 

Reduced MPR has been shown in other non-ischaemic heart disease, such as 

severe aortic stenosis and dilated cardiomyopathy (DCM)(124,125), representing 
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microvascular dysfunction.  It has also been shown to associated with worsened 

contractility in idiopathic cardiomyopathy(126).   

Impaired microvascular function has been demonstrated in diabetes and is likely to 

be multifactorial due to factors including interstitial fibrosis, myocardial hypertrophy 

and decreased capillary density (127–129).  

In patients without obstructive coronary disease, microvascular dysfunction 

(reduced CFR) is known to be associated with increased of cardiac events(130). 

Therefore identifying the presence of dysfunction may be useful in stratification for 

risk and therapy.(131).  

Limited quantitative perfusion assessment with CMR exists for diabetic 

cardiomyopathy. Impaired myocardial perfusion reserve appears to correlate with 

extracardiac complications in diabetes with lower values in those with 

uncomplicated diabetes compared to controls, and further decreased values in 

those with diabetes and complications such as retinopathy or albuminuria (132). 

Semiquantitative CMR perfusion studies have found reduced time to maximal 

intensity and reduced maximal signal intensity in those with a longer diagnosis of 

diabetes compared to normal controls or those recently diagnosed(133), and have 

shown to be associated with an increased risk of microvascular dysfunction(134).  

A recent small study of 32 asymptomatic patients with diabetes showed reduced 

coronary flow reserve, but no association with either impaired systolic function or 

poor glycaemic control(135). 

1.5 Conclusions 

CMR has shown benefits in diabetes in the assessment of ischaemia, scar and 

fibrosis.  With the addition of quantitative perfusion there may be further 

improvements in the knowledge of mechanisms in diabetic cardiomyopathy, 

diagnosis of microvascular disease and management or targeting of therapies. 

1.6 Thesis Aims 

With the potential increased availability of quantitative myocardial perfusion CMR, 

and inline processing giving the ability to include this technique in clinical scanning, 

the prospect of accurately quantified myocardial perfusion in day-to-day practice 

comes closer.  This could enable improvements both in assessment of ischaemia 

and complex epicardial coronary disease, and evaluation of diffuse, microvascular 
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abnormalities that have to date been difficult to assess using CMR.  These more 

subtle changes are often seen in non-ischaemic heart disease and may offer 

insights into the aetiology and progression of disease as well as the potential for 

treatment targets or research endpoints. 

In order to allow confident clinical use of this technique in patients, it must first be 

validated and established in a normal population. This thesis aims to provide early 

information on inline quantitative myocardial perfusion in a healthy population and 

examine the broad spectrum of impaired myocardial function and diabetic heart 

disease. 

The subsequent chapters each have a specific aim with individual introduction, 

methods, results and discussion:  

Study 1: To establish repeatability of CMR quantitative perfusion in assessment of 

stress and rest myocardial blood flow in healthy volunteers. 

Study 2: To establish normal ranges for quantitative perfusion parameters in the 

healthy population and investigate factors affecting these values including age and 

sex.  

Study 3: Using quantitative perfusion, assess the ability of adenosine stress CMR 

to achieve hyperaemia, examining patient groups that have been proposed to have 

a decreased response to adenosine, such as heart failure.  

Study 4: To investigate tissue characteristics and perfusion in heart failure when 

categorised using LV ejection fraction.  

Study 5: To investigate heart failure in diabetes, assessing differences in heart 

failure in patients with dysglycaemia and normoglycaemia, and prognostic factors 

within these groups.   
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Chapter 2  

Methods 

Methods common to all the following results chapters are detailed in this section.  

Individual aims, methods and analysis are included in each results chapter.   

2.1 Study populations 

Details of study specific patient populations are described in individual chapters.  

Exclusion criteria common to all studies included: 

• Contraindication to CMR (e.g.non-CMR conditional permanent pacemaker 

or defibrillator, intra-orbital metal, intracranial clips, claustrophobia etc.)  

• Pregnant or breastfeeding patients  

• Obesity where girth exceeds scanner diameter  

• Known adverse reaction to gadolinium-based contrast agents  

• Glomerular filtration rate < 30mL/min/1.73m2  

• Inability to lie flat for the duration of the CMR scan  

• Inability to give written, informed consent  

2.1.1 Patient population for chapters 3, 4 and 5 

Normal healthy volunteers with no background of cardiovascular disease or known 

cardiovascular risk factors of hypertension, hypercholesterolaemia, smoking or 

diabetes were recruited from two tertiary cardiology centres. 

2.1.2 Patient population for chapters 5, 6 and 7 

Patients who had been seen in cardiology outpatients with a new, clinical 

diagnosis of heart failure and referred for cardiac MRI were prospectively recruited.  

All patients were recruited from a single, tertiary cardiology centre. Inclusion 

criteria included ≥18 years, no known coronary artery disease or cardiomyopathy 

such as HCM, amyloidosis, sarcoidosis. 

2.1.3 Patient population for chapter 5  

In addition to the healthy volunteers and patients with heart failure described 

above, patients with known or suspected coronary artery disease, referred for 

coronary angiography were prospectively recruited. 
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2.2 Ethics and approvals 

All scans were performed in accordance with the Declaration of Helsinki and 

approved by the National Research Ethics Service: 12/YH/0551 (Chapters 3, 4 

and 5), 18/YH/0125, 14/EM/0056 and 17/WM/0192 (Chapter 4), 18/YH/0168 

(Chapters 4 and 5) and 17/YH/0300 (Chapters 6 and 7). All patients providing 

informed written consent. 

2.3 MRI protocols 

All scans for Chapters 3, 5, 6 and 7 were performed on a 3T Siemens Prisma 

scanner (Siemens Healthcare, Erlangen, Germany). The components of the basic 

CMR protocol performed in results chapters 3-7 are outlined in the sections below.  

Any additions to this basic protocol specific to the individual results chapters are 

detailed within each relevant chapter. 

Each study was typically performed within 60 minutes in the order illustrated in 

Figure 1. 

At the start of any CMR protocol, free breathing low-resolution survey scans of the 

chest were done to mark anatomical landmarks.  For each pulse sequence, 

images with artefact were removed or minimised.  The highest quality images were 

used for analysis. 

2.3.1 Cine imaging 

Long axis cines: 4 chamber (4Ch), 2 chamber (2Ch) and 3 chamber (3Ch) single 

slice images were acquired using Trufi (true fast imaging with steady state free 

precession) sequence obtained breath-held at end expiration. Typical parameters 

were: echo time (TE) 1.4ms, repetition time (TR) 37ms, flip angle 43°, field of view 

320 to 420mm depending on patient size, slice thickness 8mm, 25 phases 

Short axis cines: (for right and left ventricular volumes and function) were 

assessed with a contiguous stack of multiphase ventricular short axis Trufi cines. 

10-15 slices were acquired to ensure full ventricular coverage, over 25 phases, 

8mm slice thickness, 2mm gap, with pulse sequence parameters the same as long 

axis cines. 
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Figure 2-1 Standard Stress CMR protocol 

Basic protocol for standard adenosine stress CMR scan.  Additional sequences 

were included for some studies.  All scans took ≤sixty minutes. 

2.3.2 T1 mapping 

T1 mapping used a breath held MOdified Look-Locker Inversion recovery (MOLLI) 

acquisition. 

Three short axis slices acquired at the apex, mid-level and base of the left ventricle 

using the ‘3 of 5 technique’(136) were used for pre and post contrast T1 mapping 

using an electrocardiogram-triggered MOLLI scheme. The pre-contrast scheme 

used was a 5s(3s)3s acquisition. Scan parameters were: voxel size 1.5 x 1.5 x 8, 

flip angle 20° and field of view 320-420mm depending on patient size. Post 

contrast T1 maps were performed using the same slices 15 minutes after contrast 

administration. 
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2.3.3 Perfusion 

Perfusion imaging used a dual sequence approach developed by Kellman et al(48) 

employing separately optimized sequences for the myocardium and blood pool 

signals in order to avoid blood pool signal saturation. Full details of the myocardial 

perfusion sequence have been previously described(48). Both sequences were 

ECG triggered saturation recovery prepared. The sequence used for imaging the 

LV blood pool to estimate the arterial input function (AIF) used a low flip angle 

FLASH low resolution protocol with 2 echoes such that the echo times were short 

to minimize T2* losses at high concentration, and so that remaining T2* losses 

could be estimated and corrected. Parameters for this protocol were: flip angle 5 

degrees, matrix 48x34, parallel imaging factor 2, TEs 0.76 and 1.76ms, TR 

2.45ms, slice thickness 10 mm, saturation preparation used 6-pulse sequence, 

saturation delay TS 24ms to k-space centre, imaging duration 42ms, total 

sequence duration 57ms acquired immediately following the R-wave trigger.  

The myocardial imaging protocol in this study used a FLASH readout with typical 

imaging parameters: flip angle 14 degrees, spatial resolution 1.9x2.4 mm2, slice 

thickness 8.0 mm, TE/TR 1.0/2.1ms, matrix size 192x111, field of view 360x270 

mm2, parallel imaging acceleration factor 3, saturation recovery time (TS) 110ms to 

centre of k-space, trigger delay 72ms, imaging duration 59ms, saturation 

preparation use 5-pulse sequence, total duration including saturation 143ms per 

slice, enabling acquisition of 3-slices plus AIF sequence in less than 500ms 

permitting heart rates up to 120 bpm. Both AIF and myocardial imaging sequences 

included 3 measurements of proton density (PD) weighted images with flip angle of 

5 degrees used for surface coil intensity correction.  

In-line automatic reconstruction and post-processing were implemented within the 

Gadgetron software framework(48).  Images were motion corrected and corrected 

for surface coil intensity variation based on the proton density weighted images. 

Signal intensity data were converted to Gd concentration (mmol/L) based on 

automatically generated look-up tables for the magnetization Bloch simulation. AIF 

data were extracted from the low-resolution Gd concentration images using 

automated segmentation of the LV cavity. MBF was calculated on a pixel-wise 

basis in the high-resolution images by blood tissue exchange (BTEX) model 

constrained deconvolution incorporating estimation of the delay time between 

bolus arrival in the left ventricle (LV) cavity and the tissue of interest. Details of the 
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reconstruction and processing including conversion to [Gd] concentration units, 

blood pool signal segmentation, and BTEX modelling are previously reported(48). 

2.3.4 Late gadolinium enhancement imaging  

LGE-imaging was performed 10-15 minutes after the final contrast injection using a 

modified look locker approach to determine optimal inversion time required to 

adequately null the LV myocardium. A motion corrected PSIR Trufi sequence was 

used with typical parameters: TE 1.2ms, TR 904ms, flip angle 50°, slice thickness 

8mm. 

2.4 Common CMR analysis 

Images were evaluated offline using commercially available software: cvi42 (Circle 

Cardiovascular Imaging Inc, Calgary, Canada). 

2.4.1 LV and RV ejection fraction 

Left ventricular endocardial and epicardial, and right ventricular endocardial 

borders were manually contoured from the short axis cine stack at end diastole 

and end systole, generated right and left end diastolic and end systolic volumes 

according to the summation of discs methodology.  Ejection fractions were derived 

from the equation EF=(EDV-ESV)/EDV x 100%.  Trabeculations and papillary 

muscles were excluded.   

2.4.2 Parametric mapping 

T1, post contrast T1, rest and stress perfusion maps were analysed using the 

same methods. Endocardial and epicardial contours were manually contoured 

excluding trabeculations and papillary muscles.  A 10% offset was applied to 

minimise partial volume effect.  RV insertion points were marked, and 16 

segment(25) bullseye plots were generated (Figure 2).  
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Figure 2-2 Contouring and bullseye plot in parametric mapping 

Endocardial and epicardial borders were manually contoured and RV insertion 

points marked (left).  From these images, a 16-segment bullseye plot generated 

(right). 

 

 Values were recorded for each of the 16 segments.  Where the left ventricular 

outflow tract (LVOT) was included in the basal slice, or partial volume effect meant 

segments were too thin to contour, these segments were excluded from further 

analysis.  The remaining segments were average to give values for the global 

myocardium. Analysis time was less than 5 minutes per set of maps.
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Chapter 3  

Fully automated, inline quantification of myocardial blood 

flow with cardiovascular magnetic resonance: repeatability of 

measurements in healthy subjects  

3.1 Background 

There is growing evidence that decision making regarding revascularisation in 

patients with coronary artery disease (CAD) should be supported by objective 

measurements of ischaemia rather than visual assessment(3,137,138).  The 

current reference standard for non-invasive quantification of myocardial blood flow 

(MBF) and detection of ischaemia is positron emission tomography (PET). 

Quantitative perfusion cardiovascular magnetic resonance (CMR) offers an 

alternative to PET bringing the advantages of lack of ionising radiation and better 

spatial resolution with the added value of comprehensive assessment of left 

ventricular size, function and scar in a single study.  Quantification of MBF by CMR 

has been validated in several small scale studies against microspheres, PET and 

invasive fractional flow reserve (FFR) measurements(33,46,139,140) but wider 

adoption of quantitative perfusion CMR has been limited due to the requirement for 

time-consuming, off-line processing and poor repeatability(141).  Recently, a new 

myocardial perfusion CMR method with motion correction and Gadgetron-based 

automated in-line perfusion mapping has been proposed, allowing free breathing 

acquisition and pixel-wise quantification of myocardial blood flow (MBF)(48).  This 

method has been shown to have good correlation with PET in patients with stable 

CAD(52), but needs further validation before it is used clinically and as a research 

surrogate endpoint. In this study, the repeatability of myocardial perfusion mapping 

by CMR was assessed in healthy volunteers. 

3.2 Methods 

3.2.1 Study population 

Forty-two healthy volunteers were recruited (23(55%) female, median age 23yrs, 

IQR 22-29 yrs).  Exclusion criteria included known cardiovascular disease, 

hypertension, hyperlipidaemia, diabetes mellitus, smoking and any contraindication 

to CMR, adenosine or gadolinium-based contrast agents.  
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3.2.2 Study protocol 

The 42 volunteers underwent repeated CMR studies in two groups to allow 

assessment of intrastudy and interstudy repeatability of rest and stress MBF as 

well as myocardial perfusion reserve (MPR).   

Group 1: 

 30 volunteers underwent CMR studies on two separate visits.  Visit 1 

consisted of three rest perfusion scans, visit 2 had two stress scans and 

one rest perfusion scan.  Visit 1 allowed the assessment of short-term 

repeatability of rest MBF with minimal physiological variation, while the 

fourth rest scan acquired in visit 2 was used to evaluate long-term variability 

of rest MBF.  The two stress scans in visit 2 assessed short-term variability 

of stress MBF. 

Group 2:  

 20 volunteers (8 from the first cohort and 12 additional volunteers) had 

stress followed by rest perfusion scans in two separate visits to assess 

long-term repeatability of stress and MPR (Figure 1).  

All CMR studies were carried out on a 3T scanner (Siemens Magnetom Prisma, 

Erlangen, Germany). A minimum of 7 days was allowed between each visit (mean 

41, SD 40 days).  Volunteers were advised to avoid caffeine for 24 hours before 

each scan.  
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Figure 3-1 Study Protocol 

Group one consisted of 30 volunteers, Group two included 8 volunteers from 

Group one, and an additional 12 healthy volunteers 

MBF – myocardial blood flow 

 

Pharmacological stress was achieved with adenosine infusion at 140 µg/kg/min for 

a minimum of 3 minutes. The dose was increased to a maximum of 210µg/kg/min 

if there was no haemodynamic or symptomatic response to adenosine(142). 

Volunteers were monitored for symptoms and heart rate (HR) throughout the 
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infusion, blood pressure (BP) and heart rate were recorded every 2 minutes during 

adenosine infusion. An intravenous bolus of 0.05mmol/kg gadobutrol (Gadovist, 

Leverkusen, Germany) was administered at 5ml/s followed by a 20ml saline flush 

for each perfusion scan.  A minimum gap of 15 minutes was maintained between 

each perfusion scan to allow for equilibrium of gadolinium kinetics from the 

previous series, and to ensure that the effects of adenosine had resolved.   

Perfusion imaging used a dual sequence, free-breathing, saturation recovery pulse 

sequence with fast low angle shot (FLASH) readout, acquired over 60 heartbeats 

as previously described. In-line automatic reconstruction and post-processing were 

implemented within the Gadgetron software framework(48).  

3.2.3 Quantitative analysis 

The analysis of the quantitative maps was performed off-line on a separate 

workstation using cvi 42 software (Circle Cardiovascular Imaging, Calgary, 

Canada) as described in chapter 2. MBF was recorded for each of the 16 

segments.  Segmental values were averaged to give values for slice, coronary 

territory and global MBF.  Coronary territories consisted of: left anterior descending 

(LAD) - segments 1, 2, 7, 8, 13 and 14, circumflex (Cx) - segments 5,6,11,12 and 

16, and right coronary artery (RCA) – segments 3, 4, 9, 10 and 15. 

RPP was calculated as systolic BP x heart rate. Correlation of MBF with HR and 

RPP were analysed, and where significant correlation was present, MBF values 

were corrected.  Values for resting MBF were corrected for heart rate by dividing 

by scan heart rate and multiplying by the mean resting HR (62bpm) among all 

subjects.  Interstudy repeatability was analysed on a regional basis for slices 

(basal, mid and apical) and coronary territories (LAD, Cx and RCA).  MPR was 

calculated as a ratio of stress MBF:rest MBF. 

3.2.4 Reproducibility of analysis 

Intra- and inter-observer variability were assessed by repeating the analysis of 10 

volunteer data sets for stress and rest after 1 month, by the same observer (LB) 

and by a second observer (SO). The second observer was blinded to the previous 

results. 
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3.2.5 Statistical analysis 

Analysis was performed using SPSS 23 (IBM SPSS, Armonk, NY, USA).  

Normality of data distribution was assessed using Shapiro-Wilk test.  Data are 

presented as mean ± standard deviation (SD).  Repeatability was assessed using 

a wide range of methods to facilitate comparison with the inconsistent methods in 

the published literature. The three intrastudy rest scans were compared using 

repeated measures analysis of variance (ANOVA) with Bonferroni adjustment for 

post-hoc analysis.  All other repeated mean MBF and inter- and intra- observer 

variability were compared using paired t tests. Coefficient of variation (CV) was 

calculated using the root mean square method(143).  Reproducibility coefficient 

(RC) was calculated as 1.96*SD of difference and given as a percentage of the 

total mean and used to demonstrate bias and accuracy with Bland Altman plots.  

Reliability was assessed using intraclass correlation coefficient (ICC). All statistical 

tests were two-tailed and a p value <0.05 was considered significant. 
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Figure 3-2 Rest and Stress MBF maps 

Maps from visit 1 and visit 2 for the same volunteer.  Values are displayed as ml/100g/min. MBF – myocardial blood flow
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3.3 Results 

All volunteers tolerated repeated CMR scans and adenosine stress well. One 

volunteer did not attend for the second visit for assessment of intrastudy rest 

repeatability, another was not included in intrastudy stress analysis due to 

triggering problems causing artefact on the MBF maps on one stress scan. One 

result was excluded from analysis of repeat stress MBF or MPR due to lack of 

stress response on one visit, confirmed by lack of symptoms despite increased 

adenosine dose, haemodynamic response and splenic switch off. One result was 

excluded from comparison of MPR due to severe artefact on rest perfusion maps.  

3.3.1 Intrastudy repeatability 

Twenty-nine studies were analysed for intrastudy repeatability of resting and 

hyperaemic MBF from the two separate visits of Group 1.   

Mean global MBF at rest was 0.69 ±0.13 ml/g/min, 0.65 ±0.13 ml/g/min and 0.62 

±0.12ml/g/min for scans 1, 2 and 3 respectively (Table 1). There was a significant 

difference in mean MBF on the first rest scan compared to both the second 

(p=0.01) and third (p=0.001). There was no significant difference between the 

second and third scans (Figure 3).  Coefficient of variation was 11-12% between 

the first scan and repeats, and 8% between second and third scans with good 

reliability (ICC = 0.8, RC 24%).  Assessment of repeatability with Bland-Altman 

plots (Figure 4) showed a bias of -0.03ml/g/min (3.9% of the mean). 
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Table 3-1 – Intrastudy repeatability of global MBF measurements 

 
Test 1 

(ml/g/min) 

Test 2 

(ml/g/min) 

Difference in mean 

(ml/g/min) 
p RC RC (%) CV (%) ICC 

Rest <0.01  

Rest 1 - Rest 2 0.69±0.13 0.65±0.13 -0.04±0.09 0.04 0.19 28.5 10.9 0.73 

Rest 1 - Rest 3 0.69±0.13 0.62±0.12 -0.07±0.10 0.02 0.23 35.2 11.9 0.58 

Rest 2 - Rest 3 0.65±0.13 0.62±0.12 -0.03±0.07 0.24 0.15 23.8 7.93 0.80 

Stress 

Stress 1- Stress 2 2.89±0.56 2.83±0.64 -0.06±0.42 0.41 0.82 28.5 10.6 0.76 

 

No significant difference was seen between 2nd and 3rd rest MBF values or stress MBF scans. Initial rest MBF was higher than subsequent 

rest values. 

p – from repeated measures ANOVA and level of significance using Bonferroni post-hoc analysis for rest data, Student’s T-test for stress 

values, RC - repeatability coefficient, RC (%) - repeatability coefficient as percentage of the mean, CV - within subject coefficient of variation, 

ICC - intraclass correlation coefficient, MBF - myocardial blood flow 



36 
 

A 

 

B 

 

Figure 3-3 Global resting MBF on repeat throughout the same visit 

A – uncorrected values, B – corrected values (mean and 95% confidence interval 

of the mean). Rest MBF showed a trend to decrease on sequential measurements. 

MBF – myocardial blood flow 
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A 

 

B 

 

C 

 

Figure 3-4 Intrastudy repeatability (A) Rest 1-2 (B) Rest 2-3 (C) Stress 1-2 
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Resting MBF correlated with heart rate (r=0.49, p<0.01), therefore MBF corrected 

for HR was also analysed (Table 2).  A significant difference was still present 

between the scans (p<0.01) and the decrease with sequential scans remained 

(0.69 ml/g/min, 0.66 ml/g/min and 0.61ml/g/min for scans 1, 2 and 3).  A significant 

difference was seen between scan 3 and the other two results (p<0.01).  Whilst the 

level of significance differed when corrected for heart rate, both sets of values 

showed a trend to decrease with repeated measurement (Figure 3). 

Stress MBF showed no significant difference between the two repeat acquisitions 

in visit 2 (mean difference -0.06 ±0.42ml/g/min, p = 0.41).  Within subject 

coefficient of variation was 11% with good correlation and repeatability (ICC 0.76, 

RC 29%).  One value was outside the limits of agreement on assessment with 

Bland-Altman plots, with a bias of 2.2% of the mean (Figure 4).  Stress RPP was 

comparable between both studies (11202 ±2188 bpm.mmHg vs 10858 ±1877 

bpm.mmHg, p=0.09) as was the percentage increase in heart rate (47.3±18.8% vs 

44.4±18.4%, p=0.24) and RPP (51.1 ±21.7% vs 46.9 ±22.1%, p=0.14). 
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Table 3-2 – Global rest MBF corrected for heart rate 

 
Test 1 

(ml/g/min) 

Test 2 

(ml/g/min) 

Difference in mean 

(ml/g/min) 
p RC RC (%) CV (%) ICC 

Rest <0.01  

Rest 1 - Rest 2 0.69±0.12 0.66±0.10 -0.03±0.09 0.14 0.18 27.3 9.9 0.66 

Rest 1 - Rest 3 0.69±0.12 0.61±0.10 -0.07±0.07 <0.01 0.20 30.3 10.5 0.62 

Rest 2 - Rest 3 0.66±0.10 0.61±0.10 -0.04±0.06 <0.01 0.15 23.7 8.3 0.72 

 

p – from repeated measures ANOVA and Bonferroni post-hoc analysis, RC - repeatability coefficient, RC (%) -repeatability coefficient as 

percentage of the mean, CV - within subject coefficient of variation, ICC - intraclass correlation coefficient. 
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3.3.2 Interstudy repeatability 

3.3.2.1 Global perfusion analysis 

A total of 41 studies were analysed for interstudy repeatability of resting MBF with 

an average gap of 27 days between scans in visits 1 and 2.  No significant 

difference was seen in MBF between scans (mean difference 0.004 ±0.1ml/g/min, 

p=0.8) (Table 3).  Within subject coefficient of variation was 11%, RC 32% and 

bias was <1% of the mean (Figure 5). 

Nineteen pairs of scans were analysed for interstudy stress and 18 for interstudy 

MPR in Group 2.  The percentage increase in heart rate (52.1±26.6% vs 

50.4±23.4%, p=0.7) and RPP (56.6±32.7% vs 52.1±26.6%, p=0.11) between rest 

and stress scans showed no significant difference between visits.  Adenosine 

stress MBF had good repeatability with ICC 0.72 and RC 33%.  CV was 12% and 

bias was -6% of the mean.  Repeat MPR had a CV of 13.3 with no significant 

difference between the two tests.  Weaker correlation was seen compared to 

stress and rest, although this remained significant (ICC 0.46, p<0.01). 
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Table 3-3 - Interstudy repeatability of MBF measurements – by slice and coronary artery territory 

 
Test 1 

(ml/g/min) 

Test 2 

(ml/g/min) 

Difference 

in mean 

(ml/g/min) 

p RC RC (%) CV (%) ICC 

Rest 

Global 0.64±0.13 0.64±0.15 0.004±0.10 0.80 0.20 31.5 11.3 0.74 

Basal 0.66±0.14 0.67±0.16 0.015±0.13 0.46 0.25 37.7 13.6 0.65 

Mid 0.64±0.14 0.64±0.15 -0.003±0.10 0.87 0.20 31.0 11.2 0.76 

Apex 0.60±0.13 0.60±0.15 -0.003±0.10 0.86 0.20 33.4 11.5 0.73 

p 0.130 0.090  

LAD 0.69±0.16 0.68±0.16 -0.003±0.11 0.86 0.22 32.2 11.7 0.75 

Cx 0.60±0.13 0.60±0.14 0.005±0.11 0.74 0.20 34.0 11.8 0.70 

RCA 0.61±0.12 0.62±0.15 0.01±0.11 0.59 0.22 35.6 12.6 0.66 

p 0.010 0.040  

Stress 

Global 2.71±0.61 2.55±0.57 -0.161±0.43 0.12 0.87 33.1 12.2 0.72 

Basal 3.01±0.80 2.80±0.74 -0.209±0.51 0.09 1.05 36.1 13.2 0.76 

Mid 2.48±0.55 2.39±0.51 -0.092±0.44 0.38 0.86 35.4 13.4 0.66 

Apex 2.62±0.65 2.42±0.56 -0.201±0.62 0.17 1.24 49.2 16.3 0.48 

p 0.05 0.07  



 
4
2
 

p – level of significance using Student’s T-test, RC - repeatability coefficient, RC (%) - repeatability coefficient as percentage of the mean, 

CV - within subject coefficient of variation, ICC - intraclass correlation coefficient. LAD – left anterior descending, Cx – circumflex artery, RCA 

– right coronary artery 

 

LAD 2.79±0.61 2.62±0.55 -0.167±0.39 0.08 0.82 30.3 10.8 0.75 

Cx 2.69±0.61 2.51±0.66 -0.180±0.47 0.12 0.97 37.3 15.4 0.71 

RCA 2.53±0.61 2.44±0.56 -0.096±0.47 0.39 0.92 37.0 13.6 0.68 

p 0.440 0.630  

MPR 

Global 4.24±0.69 3.73±0.76 -0.214±0.76 0.25 1.46 36.4 13.3 0.46 

Basal 4.53±0.90 4.27±1.00 -0.262±0.89 0.23 1.78 40.4 15.3 0.55 

Mid 3.84±0.70 3.73±0.66 -0.113±0.83 0.57 1.60 42.4 15.5 0.26 

Apex 4.42±0.90 4.12±0.76 -0.293±1.04 0.25 2.06 48.1 16.0 0.30 

p 0.047 0.130  

LAD 3.96±0.58 3.83±0.81 -0.128±0.71 0.45 1.35 35.3 13.1 0.50 

Cx 4.47±0.93 4.14±0.93 -0.325±0.86 0.13 1.76 40.8 15.7 0.54 

RCA 4.06±0.76 3.91±0.66 -0.150±0.89 0.49 1.72 43.3 15.7 0.23 

p 0.120 0.480  
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Figure 3-5 Interstudy repeatability (A) Rest (B) Stress (C) MPR 
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3.3.2.2 Regional perfusion analysis 

At rest there was no significant difference between slices (p =0.13 and 0.09 for first 

and second scans) (Table 3).  No significant difference was seen in individual 

slices between scans, and all showed good repeatability and correlation (p<0.01 in 

all slices) (Figure 6).  Coefficients of variation were 13.6%, 11.2% and 11.5% for 

basal, mid and apical slices respectively. 

Mean MBF at stress was 3.01 ±0.8 ml/g/min, 2.48 ±0.55 ml/g/min and 2.62 ±0.65 

ml/g/min on the first visit and 2.8 ±0.74 ml/g/min, 2.39 ±0.51 ml/g/min and 2.42 

±0.56 ml/g/min in basal, mid and apical slices respectively.  No significant 

difference was seen between scans for any slice.  The apical slice exhibited the 

lowest repeatability, ICC 0.46, RC 49% and within subject coefficient of variation 

16%.  Good correlation was seen in all slices (Fig 6). 

No significant difference was seen in mean MPR between visits for any slice, RCs 

were 40%, 42% and 48% and CVs 15%, 15% and 16% for basal, mid and apical 

slices respectively.   

Coronary territory flows were significantly different between vessel territories at 

rest on both visits.  MBF in the LAD was higher than the Cx on both visits (mean 

difference 0.09 ml/g/min, p=0.01 on the first scan, and 0.08 ml/g/min, p=0.04 on 

the second).  There was good correlation within all coronary territories between 

scans (Fig 7). All territories showed similar ICC (0.66-0.75) and repeatability 

coefficients (32-36%).  CVs were very similar between territories (11.7%, 11.8% 

and 12.6%). 
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A  

B  

Figure 3-6 Correlation by slice 

(A) rest (B) stress. Trend line represents line of perfect fit. MBF – myocardial blood 

flow 
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A  

B  

Figure 3-7 Correlation by coronary territory 

 (A) rest (B) stress.  Trend line represents line of perfect fit. MBF – myocardial 

blood flow 
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No significant difference was seen between coronary territories in stress MBF, or 

in calculated MPR at either scan.  All coronary territories showed good 

repeatability and correlation between scans.  Coefficients of variation ranged 

between 10.8% and 15.4%, being highest in the circumflex territory. 

No significant difference was seen in MPR in any coronary territory between visits.  

The LAD and Cx territories showed acceptable correlation and repeatability 

coefficients (LAD: ICC 0.5, RC 35%, Cx: ICC 0.54, RC 41%).  The RCA territory 

did not show significant correlation between visits, ICC=0.23. 

3.3.3 Interobserver and Intraobserver repeatability 

Ten sets of perfusion maps were assessed for intraobserver variability at a 

minimum gap of 4 weeks between analysis, and for interobserver variability. There 

was excellent agreement for all measurements (Table 4).  The highest coefficients 

of variation were seen in the apical slice.  
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Table 3-4 - Intra and inter-observer reproducibility 

 Intra-observer Inter-observer 

 CV (%) ICC CV (%) ICC 

Rest 

Global 0.7 0.999 0.8 0.999 

Basal 1.1 0.998 1.2 0.998 

Mid 1.0 0.999 0.6 0.999 

Apical 3.0 0.990 3.7 0.980 

LAD 1.1 0.997 1.3 0.996 

Cx 1.4 0.997 1.3 0.995 

RCA 1.8 0.996 1.8 0.991 

Stress 

Global 2.0 0.995 2.4 0.995 

Basal 2.0 0.996 3.0 0.993 

Mid 2.6 0.999 3.3 0.994 

Apical 6.3 0.963 8.0 0.959 

LAD 2.8 0.990 2.6 0.990 

Cx 2.5 0.992 4.3 0.986 

RCA 1.9 0.992 1.9 0.993 

Good interobserver and intraobserver repeatability was seen ion global and 

regional assessment. 

CV - coefficient of variation, ICC – intraclass correlation coefficient LAD – left 

anterior descending, Cx – circumflex, RCA – right coronary artery 

 

3.4 Discussion 

In this study we have demonstrated good short- and long-term repeatability with in-

line myocardial perfusion mapping by CMR.  Global and regional assessment of 

MBF by coronary artery territory have good repeatability while MPR is a less 

reproducible assessment than MBF, particularly for regional assessment. 
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3.4.1 Global perfusion analysis 

We have shown reliable repeatability of both global stress and rest MBF for 

automated perfusion mapping with CMR, both within one scan and with an interval 

between scans. Our results are in line with previous studies, using both invasive 

and non-invasive estimates of MBF and MPR.  

Invasive assessment of coronary flow reserve has a coefficient of variation of 19% 

when repeated within minutes(144). A summary of the published data on 

repeatability of non-invasive MBF measurement is given in Table 5. In published 

literature repeatability with PET has ranged from RCs of 18-35% at rest and 18-

41% during stress(145–148).  In a recent study to assess the optimally repeatable 

kinetic model in PET the best variants had a combined repeatability coefficient of 

15.8% for stress and rest(149).  120 volunteers underwent serial stress or rest 

scans  in one of the largest studies of test-retest repeatability in PET to date; rest 

MBF CVs were 10.7% within test and 21.1% between tests, and stress MBF CVs 

were 9.6-10.6% within test and 19-21% between tests(150). As in the majority of 

the published literature, short-term repeatability had lower coefficients of variation 

and repeatability than delayed repeatability.   

There are few published CMR studies of repeatability of MBF. The largest, a 

subset of the MESA study (151), reported repeatability coefficients of 30% and 

41% for rest and stress MBF respectively, including 30 patients with an interval of 

almost a year between scans and producing similar values to PET studies.  

Another smaller study of 10 patients showed good correlation in interstudy 

repeatability at rest (r=0.77) and stress (r=0.9) with CVs of 23% at rest and 20% 

for stress, in keeping with previous PET literature(152). Other CMR studies have 

shown worse repeatability than PET; a more recent study of 11 subjects(141) 

showed repeatability coefficients of 45% at rest and 73% at stress, with 

coefficients of variation of 20% and 40% respectively.  

Our data for automated in line perfusion CMR mapping are comparable to those 

achieved with PET and fit well with published CMR data. Compared with most 

CMR studies, the repeatability within the current study was better for global MBF 

both at rest and stress, and for short and long-term repeatability.  
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Table 3-5 – Summary of literature on MFB repeatability 

     Rest  Stress  MPR 

 Author Year n  T test r/ICC 
RC 

(%) 

CV 

(%) 
 T test r/ICC 

RC 

(%) 

CV 

(%) 
 T test r/ICC 

RC 

(%) 

CV 

(%) 

Immediate (intrastudy) 

PET Nitzsche(153) 1996 15  0.33 0.99 33   0.16 0.97 13       

 Kaufmann(145) 1999 21  ns  18   ns  25   ns  33  

 Wyss(154) 2003 11  ns 0.77 21    0.77 27   ns 0.74 35  

 Schindler(155) 2007 20   0.72 29    0.76 20       

 Manabe(146) 2009 15  0.31  22   0.81  27   0.53  37  

 Kitkungvan(150) 2017 120  0.93   11  0.74   10      

 Ocneanu(149) 2017 12     21     15      

MRI Keith†(156) 2017 10    53 13           

 This study    0.08 0.8 24 8  0.41 0.76 29 11      

Delayed (interstudy) 
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PET Nagamachi(147) 1996 30  ns 0.63 31   ns 0.69 18     20  

 Schindler(155) 2007 20   0.75 30    0.71 23       

 Sdringola(148) 2011 48  p<0.05 0.68 35   ns 0.53 34   ns 0.47 38  

 Johnson(157) 2015 50  0.46  41   0.13  34   0.29  34  

 Kitkungvan(158) 2017 19  0.13     0.94   17  0.26   20 

 Kitkungvan(150) 2017 120  0.13   21  0.81   19      

MRI Jerosch-Herold(151) 2008 30  0.001  30   0.11  41       

 Larghat†(141) 2013 11  0.2  45 20  0.61  73 40  0.11  69 35 

 Likhite(152) 2016 10   0.77          0.88   

 Keith†(156) 2017 10    61 16           

 This study    0.8 0.74 32 11  0.12 0.72 33 12  0.25 0.44 36 13 

ns = not significant (p value not reported), r = Pearson correlation coefficient, RC = reproducibility coefficient (% of mean), CV = coefficient of 

variation. 

†Repeatability data is given for single mid-ventricular slice, all other studies, data is for global myocardium, averaged from multiple slices.  

Where RC was not published, but sufficient data was provided, this has been calculated using 1.96*SD of difference.  Similarly, all RC are 

given as % for ease of comparison. 
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3.4.2 Regional assessment 

All coronary territories showed good repeatability for rest and stress MBF. Higher 

repeatability coefficients and coefficients of variation were seen than for global 

values, in keeping with the limited published literature in CMR and some of the 

PET literature. These differences are likely to reflect the smaller volume assessed 

in regional measurement, allowing a greater proportion of error.  Early CMR 

studies of repeatability have included only the mid slice but have shown regional 

repeatability to be higher than global (RC 28% vs 21%)(159).  PET literature is 

inconsistent regarding regional vs global repeatability.  One PET study examined 

coronary territory MBF repeatability in 30 patients and reported similar repeatability 

coefficients to global flow at stress (RC 18% for global perfusion, 18-24% for 

regional perfusion) and at rest (RC 31% for global and 26%-46% for regional 

perfusion).  A further study of 48 volunteers showed comparable values for global 

perfusion vs regional perfusion (quadrants), with regional rest values of RC 33-

41% and stress 33-38% vs global values 35% and 34%(148). Other PET studies 

have shown worse repeatability in regional assessment compared to global values.  

A study of 21 subjects assessing repeatability of 15O PET had regional 

repeatability coefficients of 22-46% at rest and 41-59% at stress vs 18% and 25% 

globally(145). A smaller study of 11 showed regional repeatability coefficients of 

38-55% at rest and 55-70% at stress vs 21% and 27% globally(154). Numerically 

the regional variability in our study was similar to or lower than in most PET 

studies.  All coronary territories showed good correlation and repeatability with 

RCs of 32-36% at rest and 30-37% at stress.  

In addition to coronary territories, we also compared variability between the three 

acquired slices. At stress the apical slice had the lowest ICC, showing only 

moderate reliability (ICC=0.48, p=0.02).  It also had the largest inter- and intra-

observer variability, with higher coefficients of variation than other regions.  This 

illustrates the complexity in assessment and quantification within most apical slice; 

where the area of myocardium is small, and a larger partial volume effect can be 

expected due to this and the increased movement during stress.    
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3.4.3 MPR assessment 

Within our study, the repeatability of MPR was lower than that of MBF, in particular 

for the analysis of coronary territories.  Previous studies have shown similar values 

for repeatability of global MPR, with PET values of multiple studies within the 

range of 33-38%, in keeping with our results(145,146,148,154,157).  One study of 

30 volunteers showed a repeatability coefficient of 20% for MPR; however, these 

results included some studies repeated within the same day, which may account 

for the lower values.  CMR data on inter-test reproducibility for MPR is limited, with 

a single study of 11 volunteers showing a RC of 69%(141) higher than both this 

study, and published PET data. 

Where regional MPR has been compared to global values for repeatability, some 

studies have shown markedly worse repeatability.  One study showed regional RC 

of 68-82% vs 33% for global values(145)  another showed an increase from 35% 

for to 67-96%(154).  Others have shown a small rise or comparable RC in a similar 

pattern to our data.  The largest study, with 48 paired studies showed a RC of 38% 

globally with a maximum of 43% in the lateral wall(148). 

The poorer repeatability seen in both the RCA territory and mid and apical slices, 

supports the use of stress MBF over MPR in clinical assessment where regional 

differences may be diagnostically important.  Stress MBF correlates with the 

severity of stenosis in CAD(160), therefore the better reliability demonstrated in 

that measurement would support its use for this important diagnostic decision. 

3.4.4 Variation in resting MBF 

We have shown variation in resting MBF on short-term repeat, within the same 

scan, with a trend to decrease with serial measurement was not removed by 

correction for heart rate.  Although correction for HR modified the level of 

significance in this difference, the trend for decrease with sequential repeat 

remained (Figure 3).   

Published literature has not shown this decrease in MBF during the same scan.  

Studies have shown a decrease in resting MBF on repeat assessment between 

separate scans.  The MESA study showed a decrease in resting MBF of 

0.1ml/g/min, p=0.001 over a long time interval (mean 334 days)(151), this change 

was also accompanied by a significant change in heart rate, and this change was 

proposed to account for the drop. In another study of healthy volunteers with no 
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risk factors, with a median interval of 22 days between scans, a significant 

decrease of 0.05±0.13ml/g/min (p<0.05) was seen in rest MBF(148).  This effect 

was not seen in stress perfusion, or in subjects with cardiovascular risk factors.    

Although a number of these results differ from those in our study and the intervals 

between scans were different, they do provide more evidence of the susceptibility 

of rest MBF to physiological variation.  Our study is the first to report more than 2 

repeated measurements within one scan. The initial higher MBF seen within our 

study may be caused by an element of anxiety present at the beginning of the 

CMR scan in the volunteers examined. In addition to a rise in heart rate and blood 

pressure, stress is associated with vasodilation of the coronary microvasculature in 

healthy volunteers(161) which would lead to higher MBF. Within our study, even 

after correction for heart rate the decrease in MBF remained, suggesting that 

vasodilation rather than cardiac work is the cause of the higher values on the first 

scans.  This hypothesis is supported by the lack of difference between sequential 

stress perfusion, where maximal vasodilatation is reached so that differences in 

anxiety should have no additional impact. The absence of significant difference in 

sequential stress scans also supports that this change is likely to be physiological 

rather than an effect of residual Gd from the previous series. The lack of significant 

difference between the second perfusion acquisition and subsequent assessment 

is reassuring clinically, as this would imply that stress followed by rest perfusion 

assessment, the commonly used protocol, would produce repeatable values for 

both rest and stress.     

3.4.5 In-line perfusion mapping 

The development of automated inline perfusion mapping overcomes one of the 

main previous limitations of quantitative perfusion CMR by removing the previously 

time-consuming analysis and the need for specialist knowledge to implement this.   

We have demonstrated repeatability of MBF measurements that is comparable to 

PET, the current reference method, and at least as good as previous, manual, 

CMR analysis methods supporting use of this method as part of CMR analysis.  

Assessment using perfusion maps allows objective assessment of MBF, providing 

simpler and faster analysis and may have clinical advantages of detecting disease 

with global decrease in MBF such as microvascular and multivessel disease. 
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3.4.6 Study limitations 

Our data are influenced by physiological variation as well as variation within the 

model and analysis.  Although we attempted to minimise physiological variation as 

much as possible, some effects may not have been controlled for. Caffeine has 

been demonstrated to affect coronary vasomotor tone at rest(162) and adenosine 

stress perfusion CMR(163).  Although we asked our volunteers to avoid caffeine 

for 24hrs prior to the scan, previous studies have demonstrated that up to 20% 

may still have detectable caffeine levels(164).  In addition, dosing of adenosine 

was determined clinically according to symptoms and response rather than a direct 

repeat from previous scan.  This would mimic clinical practice, and any difference 

in doses required may result in physiological variants in response.  We can be 

confident that adequate stress was achieved; having seen appropriate increases in 

heart rate and RPP together with symptomatic response, however, the degree of 

hyperaemia may vary from maximal and account for the increased variation seen 

in stress MBF.  All studies were performed using a FLASH perfusion sequence at 

3T, results for MBF may vary using other sequences or field strengths. 

3.4.7 Conclusion 

Quantitative perfusion CMR using automated perfusion mapping achieves 

estimates of MBF and MPR with repeatability similar to the reference standard 

method PET.  In this study rest and stress MBF, rather than MPR were a more 

reproducible assessment, particularly in regional analysis. The degree of 

physiological variation emphasises the importance in establishing normal ranges to 

allow for accurate diagnostic use. 
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Chapter 4  

Sex and age-specific normal values for automated 

quantitative pixel wise myocardial perfusion cardiovascular 

magnetic resonance 

4.1 Introduction 

There is increasing recommendation that clinical decision making for patients with 

stable coronary artery disease (CAD) should be based on quantitative rather than 

visual assessment to determine the functional significance of coronary 

stenosis(3,4,137,138,165). The invasive reference standard for functional 

assessment of coronary stenosis is fractional flow reserve (FFR) while positron 

emission tomography (PET) is considered the reference standard for non-invasive 

quantitative assessment of myocardial blood flow (MBF) and myocardial perfusion 

reserve (MPR)(166).  Cardiovascular magnetic resonance (CMR) myocardial 

perfusion imaging can also be used to estimate MBF and MPR and compared with 

PET, CMR has the advantages of not exposing patients to ionising radiation, more 

widespread availability, higher in-plane spatial resolution and the ability to provide 

additional assessment of cardiac structure and function within the same study. In 

the past quantitative myocardial perfusion CMR has required time-consuming, 

manual, offline processing, which restricted its use to expert centres and prevented 

wider clinical application.  Recently developed motion corrected myocardial 

perfusion CMR with automated in-line perfusion mapping allows the generation of 

pixel-wise MBF maps(48) during free-breathing acquisition and without user 

interaction.  This method offers the enticing potential of making largely user 

independent quantitative myocardial perfusion analysis available in routine clinical 

care.  

CMR myocardial perfusion mapping has been shown to provide comparable MBF 

and MPR values to PET both in assessment of CAD and in repeatability of 

measurements(52,167). Adoption of the method in clinical practice requires the 

definition of a specific range of normal values.  This study looked to establish sex-

specific normal values for CMR myocardial perfusion mapping in healthy 

volunteers and over a wide range of age groups, representative of patients seen in 

clinical care.  
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4.2 Methods  

4.2.1 Study population 

151 healthy volunteers with no history of cardiac disease or major risk factors, 

were recruited in two cardiac centres, (Leeds Teaching Hospitals Trust, Leeds, UK 

and University Hospitals of Leicester NHS Trust, Leicester, UK). Exclusion criteria 

included hypertension, hypercholesterolaemia, diabetes mellitus, smoking, 

previous coronary artery disease or revascularisation, and contraindications to 

adenosine or gadolinium-based contrast or MRI. 

4.2.2 Study protocol 

All scans were performed at 3 Tesla (Prisma (Leeds) or Skyra (Leicester), 

Siemens Healthcare, Erlangen, Germany) according to a standard protocol 

including cine imaging, adenosine stress and rest perfusion, and late gadolinium 

enhancement. Patients were asked to abstain from caffeine for 24 hours before the 

scan. All patients underwent adenosine stress according to a standard clinical 

protocol. 

Pharmacological stress was achieved with adenosine infusion at 140 µg/kg/min for 

a minimum of 3 minutes. The dose was increased to 210 µg/kg/min after 2 minutes 

if there was no symptomatic or haemodynamic response. Volunteers were 

monitored for symptoms throughout the scan. Blood pressure (BP) and heart rate 

(HR) were recorded during adenosine infusion. An intravenous bolus of 0.05 or 

0.075mmol/kg of gadolinium-based contrast was administered.  

Data acquisition used a multi-slice, free-breathing, saturation recovery pulse 

sequence with fast low angle shot (FLASH) readout, acquired over 60 heartbeats. 

In the first three beats proton density weighted images (without saturation 

preparation) were acquired. AIF data were obtained from interleaved low-

resolution images (dual-sequence method) in a single slice with dual-echo 

acquisition to allow correction of T2* related signal loss(48). 

At a delay of at least 7 minutes from stress perfusion, rest perfusion images were 

obtained using the same contrast and acquisition regime as for stress perfusion.  

4.2.3 In-line processing and quantitative analysis of perfusion data 
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In-line automatic reconstruction and post-processing of the perfusion data were 

implemented within the Gadgetron software framework(48,168).  Images were 

motion corrected and then corrected for surface coil intensity variation based on 

the proton density weighted images. Signal intensity data were converted to 

Gadolinium concentration based on automatically generated look-up tables. AIF 

data were extracted from the low-resolution Gadolinium concentration images 

using automated segmentation of the left ventricular (LV) cavity. MBF was 

calculated on a pixel-wise basis in the high-resolution images by blood tissue 

exchange model constrained deconvolution incorporating estimation of the delay 

time between bolus arrival in the LV cavity and the tissue of interest. Automatic 

segmentation of the left ventricular cavity and myocardium was performed by the 

artificial intelligence tool, excluding myocardial fat and papillary muscles.  AHA 

segment data was then further delineated and segmental MBF was calculated 

automatically as an average of all pixels(169). Values for each of the AHA 16 

segments were recorded for stress and rest MBF, and global values were 

calculated as an average of these.  Segments including LVOT or significant 

artefact were excluded from analysis. 

Rate pressure product (RPP) was calculated for each perfusion acquisition (HR x 

systolic BP). MBF values were corrected for RPP by dividing by the individual 

value for each patient and multiplying by 10,000 in keeping with previously 

established practice(170). 

Age and sex matched cohorts were compared between centres and between Gd 

dosing to ensure that they could reasonably be combined as a study population. 

Age was matched to within 2 years to allow a reasonable sample size for 

comparison. 

Myocardial perfusion reserve (MPR) was calculated for each segment as stress 

MBF/rest MBF.   

4.2.4 Statistical analysis 

Outliers were identified using the Tukey robust approach and removed from 

analysis if either <Q1-1.5IQR or >Q3+1.5IQR. Proposed normal ranges were 

described as the 95% reference range of the cohort, using previously published 

methods(171). 
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Analysis was performed using SPSS 23 (IBM SPSS, Armonk, NY, USA).  The 

Shapiro Wilk test was used to assess normality of data. Data are presented as 

mean ±standard deviation (SD) or median (IQR).  Groups were compared using 

Student’s t-test or Mann-Whitney U test for non-parametric variables. Differences 

between coronary territories were compared using repeated measures ANOVA. 

Coefficient of variation (CV) was calculated as SD/mean as a standardised 

measurement of dispersion.  Correlation was assessed using Pearson’s correlation 

coefficient. All statistical tests were two-tailed and p<0.05 was considered 

significant.   

4.3 Results 

151 volunteers were recruited and underwent adenosine stress CMR as described 

above.   

150 volunteers were included in the final analysis. One set of data was excluded 

due to poor quality of data due to arrhythmia during the scan.  5 volunteers only 

had either stress or rest perfusion data available and a further 9 results were 

classed as outliers (6 rest MBF and 3 stress MBF).    Single data sets were 

analysed from these participants, with no MPR available. Median age was 49(IQR  

24-59) ±18.8 with 62 (41%) females. 

Haemodynamic data and response are seen in Table 1.  BP was not recorded 

during rest perfusion in 11 volunteers. Mean HR and RPP were significantly higher 

at stress than rest (p<0.001). 
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Table 4-1 - Haemodynamic characteristics of participants 

 All 

n=150 

Male 

n=88 

Female 

n=62 
p (M:F) 

Age (yrs) 49 (24-59) 52 (25-59) 35 (23-57) 0.105 

Rest HR (bpm) 63±9.5 62±9.5 65±9.3 0.111 

Rest BP 

(mmHg) 
122±19 124±17 119±20 0.111 

Rest RPP 

(mmHg.bpm) 
7775±1733 7765±1646 7791±1880 0.935 

Stress HR 

(bpm) 
91±17 86±14 98±18 <0.001 

Stress BP 

(mmHg) 
123±17 125±17 120±18 0.118 

Stress RPP 

(mmHg.bpm) 
11189±2609 10777±2371 11778±2836 0.027 

Change HR 

(bpm) 
26±12 23±11 31±13 <0.001 

% change HR 41.8±21 37.6±18 48.3±23 0.003 

Change bp 

(mmHg) 
1.5±9 1.3±9 1.7±10 0.800 

% change bp 1.6±7 1.3±7 2.0±9 0.616 

Change RPP 

(mmHg.bpm) 
3270±1753 3005±1649 3692±1846 0.029 

% change RPP 44.0±25 40.2±23 49.9±28 0.033 

Higher heart rates and RPP were seen in females at stress compared to males. 

They also showed a higher increased in HR and RPP.   

HR - heart rate, RPP - rate pressure product, SBP - systolic blood pressure. 
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4.3.1 Myocardial Blood Flow 

Mean MBF at rest was 0.62±0.13ml/g/min and 2.24±0.53ml/g/min during 

adenosine stress.  Mean MPR was 3.742±1.00. Mean corrected rest MBF was 

0.83±0.21 ml/g/min. 

There was no significant difference between stress or rest MBF measurements in 

age and sex matched cohorts from different centres (Table 2) or when using 

0.05mmol and 0.075mmol contrast agent boluses (Table 3). 

Table 4-2 - Comparison between CMR centres 

 Centre 1  

n=30 

Centre 2 

n=30 

p 

Age (yrs) 57.2±9.5 58.2±9.4 0.695 

Male 23 (77%) 23 (77%) 1 

Rest MBF (ml/g/min) 0.59±0.12 0.60±0.14 0.827 

Stress MBF (ml/g/min) 2.01±0.55 1.93±0.50 0.508 

No significant difference was seen between MBF between the two centres. MBF – 

myocardial blood flow 

 

Table 4-3 - Comparison between contrast dosing 

 0.05mmol/kg GBCA 

n=17 

0.075mml/kg 

GBCA 

n=17 

p 

Age (yrs) 52.6±7.6 52.6±7.5 1 

Male 11 (65%) 11 (65%) 1 

Rest MBF (ml/g/min) 0.62±0.11 0.66±0.13 0.210 

Stress MBF (ml/g/min) 2.09±0.52 2.23±0.39 0.360 

No significant difference was seen between MBF acquired using different GBCA 

doses. 

MBF – myocardial blood flow, GBCA – gadolinium-based contrast agent 
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When coronary artery territories were compared, both rest and stress flow were 

highest in the LAD territory, with significant differences between the three 

territories (Table 4). Mean stress and rest MBF measured on a segmental basis 

were highest in AHA segment 1 (basal anterior) 2.63±0.73 ml/g/min and 

0.69±0.12ml/g/min, and lowest in segment 15 (apical inferior) 1.90±0.46ml/g/min 

and 0.53±0.12ml/g/min.  Full data for all segments are provided in tables 7-9 at the 

end of this chapter. 

Table 4-4 - Global and coronary artery territory MBF 

 
Rest MBF 

(ml/g/min) 

Stress MBF 

(ml/g/min) 
MPR 

 Mean 
CV 

(%) 
Mean 

CV 

(%) 
Mean 

CV 

(%) 

Global 0.621±0.13 20.9 2.243±0.53 23.6 3.742±1.00 26.7 

Coronary territories 

LAD 0.668±0.15 22.5 2.360±0.57 24.2 3.630±0.96 26.4 

Cx 0.591±0.14 23.7 2.247±0.56 24.9 3.950±1.17 29.62 

RCA 0.593±0.12 20.2 2.100±0.50 23.8 3.66±0.98 26.8 

 p<0.001  p<0.001  p<0.001  

There was a significant difference in MBF between coronary artery territories. Rest 

and stress MBF were highest in the LAD territory. 

MBF – myocardial blood flow, LAD – left anterior descending, Cx – circumflex, 

RCA – right coronary artery, CV – coefficient of variation. 

 

4.3.2 Sex 

Haemodynamic and MBF values divided by sex are given in Tables 1 and 5.  

Both rest and stress MBF were significantly higher in females compared to males 

(Figure 1). Resting and stress HR were higher in females compared to males.  The 

absolute increase in HR and RPP between rest and stress was also significantly 

higher in females (Table 1). Rest RPP was shown to correlate with rest MBF 

(r=0.41, p<0.001), therefore values of rest MBF, corrected for RPP were 
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calculated. Resting MBF remained significantly higher in females (Table 5). No 

significant difference was seen in MPR between sexes. 

 

 

Figure 4-1 Rest and Stress MBF in both sexes 

Global myocardial blood flow was significantly lower in males both at rest 

(0.58±0.12 vs 0.69±0.13ml/g/min, p<0.001) and during adenosine stress (2.13 

±0.54 vs 2.41±0.47ml/g/min, p0.001).   

● female ● male 
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Table 4-5 – Myocardial Blood Flow and Perfusion Reserve values in different 

sexes 

 All 

n=150 

Male 

n=88 

Female 

n=63 

p 

(M:F) 

Rest MBF (ml/g/min) 0.621±0.13 0.577±0.12 0.688±0.13 <0.001 

Stress MBF (ml/g/min) 2.243±0.53 2.125±0.54 2.412±0.47 0.001 

MPR 3.742±1.00 3.786±1.00 3.674±1.00 0.522 

RPP corrected rest MBF 

(ml/g/min) 
0.829±0.21 0.768±0.18 0.924±0.21 <0.001 

Stress and rest MBF were significantly higher in females.  Rest MBF remained 

higher in females when corrected for RPP. 

MBF = myocardial blood flow, MPR = myocardial blood flow, RPP = rate pressure 

product. 

 

4.3.3  Age 

Ages of volunteers ranged from 19 to 79 years.  No significant difference was seen 

between males and females (52 (25-59) vs 35 (23-57), p=0.105).  Increasing age 

negatively correlated with stress MBF (r=-0.434, p<0.001) and MPR (r=-0.339, 

p<0.01). No correlation was seen between age and rest MBF (Figure 2).  

Rest RPP correlated with age (r=0.247, p=0.004), when rest MBF was corrected 

for RPP, there was a negative correlation with age (r=-0.337, p<0.001) (Figure 2). 

Normal ranges for MBF and MPR, with 95% confidence intervals are shown in 

Figure 3. 
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C 

  

D  

 

Figure 4-2 Correlations between MBF, MPR and age 

Rest MBF (A) showed no correlation between MBF and age.  Stress MBF (B) and 

MPR (C) demonstrate a significant negative correlation with age.  Stress MBF r=-

0.434, p<0.001, MPR r = -0.339, p<0.001. Rest MBF corrected for RPP (D) 

demonstrates a significant correlation with age, r=-0.337, p<0.001. 

 ♦ Female  ●Male 
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A - Rest MBF - Male 

 

B - Rest MBF - Female 
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C - Stress MBF - Male 

 

D - Stress MBF - Female 
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E - MPR – Male 

 

F - MPR – Female 

 

Figure 4-3 Normal reference ranges for MBF and MPR 

Figures show mean values and the 95% confidence interval for the range, allowing 

for changes related to age. 

MBF – myocardial blood flow, MPR – myocardial perfusion reserve
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4.4 Discussion 

This study reports the largest normal range of MBF and MPR for myocardial 

perfusion CMR in healthy volunteers, acquired with automated in-line perfusion 

mapping. We present the first normal values for myocardial perfusion CMR 

stratified by age and sex and report differences between coronary territories.  

4.4.1 Global MBF 

Previously published normal ranges of MBF and MPR obtained using PET and 

CMR (Table 6) illustrate the range of values obtained with these methods. 

Previous CMR studies have reported rest MBF values between 0.76 ±0.1ml/g/min 

and 1.24 ±0.19ml/g/min(172–176) with CV of up to 41%.  In general, MBF 

estimates obtained by CMR have been higher than those for PET, although no 

previous large study of normal, healthy volunteers exists for CMR. 

Reported rest MBF in PET have varied depending on the PET tracer(153,177), 

kinetic model(149)  and methodology(178) used. The large number of confounders 

makes comparison between published data and modalities challenging.  Values 

have ranged from 0.62 ±0.14ml/g/min to 1.10 ±0.2ml/g/min with CV between 15-

23%.  The most recent PET studies including healthy volunteers have reported 

rest MBF of 0.68 ±0.2ml/g/min(179) and 0.71 ±0.11ml/g/min(175), both more 

similar to our results.  

Stress MBF by CMR has been reported to vary from 2.78 ±0.61ml/g/min to 4.50 

±0.91ml/g/min in previous smaller studies with CVs between 20 and 

35%(172,174,176,180).  Within PET studies, a wider range of normal values have 

been reported ranging from 1.97 ±0.45ml/g/min to 4.40 ±0.9ml/g/min and CV 

varying between 17 and 31%(175,181–183).   

Previous values of MPR with CMR have ranged from 2.7 ±0.3 to 4.2 ±1.0 with CV 

between 11 and 32%(172,175,180) and PET values have varied between 

3.75±1.24 and 4.46 ±1.43 with CV between 15 and 33%(183–185). The findings in 

the current study are in keeping with these previous values. 



 
7
1
 

Table 4-6 - Summary of previous published data with larger groups of healthy volunteers 

Author Year N Age Rest Stress MPR 

 
   

MBF  

(ml/g/min) 
CV (%) 

MBF 

 (ml/g/min) 
CV (%)  CV (%) 

CMR 

Vasu(172) 2013 15 21 ±3.5 1.04 (±0.24) 23 2.78 (±0.61) 22 2.7 (±0.3) 11 

Fairbairn(174) 2014 19 22±4 0.97 (±0.4) 41 3.4 (±1.2) 35   

Tomiyama(175) 2015 20 28±8.9 0.76 (±0.1) 13 3.04 (±0.82) 27 4.13 (±1.33) 32 

Motwani(176) 2015 30 22±2 1.24 (±0.19) 15 4.5 (±0.91) 20 3.63 (±0.95) 26 

Knott(186) 2019 24 37 0.86  3.07    

Nickander(180) 2020 41 26±5 0.88±0.19 22 3.62±0.71 20 4.2±1.0 24 

PET 

Chan(182) 1992 20 34±16 1.10 (±0.2) 18 4.40 (±0.9) 20   

Nagamachi(147) 1996 21 34±15 0.62 (±0.14) 23 1.97 (±0.45) 23   

Muzik(183) 1998 20 44±11 0.67 (±0.11) 17 2.85 (±0.49) 17 4.28 (±0.65) 15 
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Kaufmann(187) 2000 61 45±7 0.87 (±0.14) 16 3.63 (±1.02) 28 4.23 (±1.29) 30 

Chareonthaitawee(184) 2001 169 46±12 0.99 (±0.23) 23 3.54 (±1.01) 29 3.75 (±1.24) 33 

Sdringola(148) 2011 107 29±5 0.70 (±0.15) 21 2.75 (±0.58) 21 4.03 (±0.84) 21 

Tomiyama(175) 2015 20 28±8.9 0.71 (±0.11) 15 3.09 (±0.97) 31 4.46 (±1.43) 32 

    
 

             

Combined   567 36 0.89  3.32  3.92  

This Study 
 

150 
49  

(IQR 24-59) 
0.62 (±0.13) 25 2.24 (±0.53) 26 3.74(±1.00) 29 

Values are expressed as mean (±standard deviation).  CV is calculated as standard deviation/mean *100(%) for ease of comparison 

between studies. 

CMR = cardiac magnetic resonance, CV = coefficient of variation, MBF = myocardial blood flow, MPR = myocardial perfusion reserve, PET = 

positron emission tomography. 
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Both stress MBF and MPR values have merit in assessing ischaemia.  In our 

study, MPR showed greater variability between individuals than absolute stress 

values, which was expected as MPR is calculated as the ratio of two parameters, 

compounding variability from both of its constituents. In clinical PET studies, stress 

MBF has accurately detected the presence of significant coronary stenosis(188), 

with comparable accuracy as MPR to detect ischaemia(189).  This, together with 

the better reproducibility of stress MBF demonstrated in both CMR and PET 

studies(148,167), supports the use of stress MBF rather than MPR for the 

diagnosis of ischaemia when using a single method of MBF quantification.  When 

evaluating between modalities and methods however, MPR may be a more useful 

comparator, minimising the effect of different reference ranges between 

techniques – as seen in published studies (Table 6), the range of MPR seen in 

normal volunteers is considerably lower than that in either stress or rest MBF.   

4.4.2 Regional MBF 

We have demonstrated higher resting MBF within the LAD territory compared to 

the other coronary territories. This finding is consistent with some, but not all of the 

previous literature. PET data are usually interpreted on a segmental basis, dividing 

the myocardium into 4 quadrants (anterior, lateral, inferior, and septal).  One large 

study (n=169) showed a significant difference in corrected rest MBF between 

regions, which was due to higher flow in the anterior (1.443 ±0.4113ml/g/min) and 

lateral segments (1.405 ±0.385ml/g/min), both attributable to the LAD territory, vs 

the inferior segment (1.232 ±0.322ml/g/min, p<0.0001 for both)(184).   

Several other PET studies have shown highest flow values in the anterior, and 

lowest values in the inferior segments but have not undertaken statistical 

comparison (145,148,190).  Invasive assessment of coronary flow has shown a 

higher rest flow within the LAD compared to the Cx coronary artery (p=0.007), and 

showed a similar difference during stress(191). The difference in invasive 

measurements was related to vessel diameter but not flow rate. Conversely, 

several other studies have shown no significant difference between 

regions(154,181,192), including previous CMR studies(176).   

We also provide data on regional blood flow and MPR in AHA segments, 

(Supplementary Tables 1-3).  To the best of our knowledge, segmental MBF for all 

16 segments has not previously been published.  These values have been 

provided as they may be integrated in future analysis algorithms for the diagnosis 



74 
 

of coronary disease. Whilst there is slightly more variance in values of segmental 

flow, as may be expected when comparing data from smaller regions, CV for both 

stress and rest MBF was less than 30% at segmental level.  

4.4.3 Sex 

Multiple studies have shown differences in MBF between sexes, consistently 

showing MBF at rest to be higher in females compared to males as in our data.  

This has been seen in both large CMR and PET studies including a MESA sub 

study of 222 asymptomatic patients, and a large PET study of 169 healthy 

volunteers, supported by other smaller and more recent data  (180,184,193–195) 

.Invasively measured coronary flow has also been reported to show sex 

differences. In a study of 28 patients with angiographically normal coronary 

arteries, coronary flow indexed to LV mass was higher in females (0.996 

±0.236ml/g vs 0.854 ±0.337ml/g) although this difference was not assessed for 

significance (191). 

We have also demonstrated a heightened haemodynamic response to adenosine, 

and an increased stress MBF in females compared to males, findings that have 

been previously reported in studies with larger proportions of female participants 

(180,193,194). 

One large PET study showed no significant difference in hyperaemic blood flow 

between sexes, but the proportion of females was only 22%, limiting the study’s 

ability to differentiate reliably between sexes. Others have shown no significance 

difference between MBF in both sexes at either rest or stress(170,196). 

Our findings are in keeping with the previous studies that showed higher MBF at 

both stress and rest and an increased physiological response to pharmacological 

stress in females. The underlying cause for this difference is unclear. Although 

females had higher resting HR, when we corrected MBF for either HR or RPP, a 

significant difference remained and other mechanisms such as oestrogen levels, 

which can mediate coronary tone, may be at play(197,198). However, in the MESA 

study(193), correction of MBF for menopause status and hormone use did not 

remove differences in MBF between the sexes.  The studies we quote that have 

compared MBF and seen no difference between the sexes comprise relatively 

small numbers (n=22(170) and n=14(196)).  It is likely that intrinsic variability of 

MBF requires larger numbers to establish significant difference between groups. 
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These differences support the use of separate normal ranges for the sexes, 

narrowing the limits compared to a less homogeneous group. 

4.4.4 Age 

We have shown a decrease in both stress MBF and MPR with age, while no 

difference was seen in rest MBF.  The findings are consistent with previous studies 

showing lower values in older age groups(199), or a decline in stress MBF with 

age (184,193,195).  Findings from the MESA sub-study reported increasing rest 

RPP with age, a correlation that we have also demonstrated, suggesting a higher 

level of cardiac work required to maintain the same resting flow.  No related 

correlation was seen between RPP at stress, potentially demonstrating a blunted 

stress response in age which is likely multifactorial including adenosine response 

and change in vascular structure and function associated with age. The 

correlations support the use of age-related values when establishing normal limits. 

The values for stress MBF in this study are at the lower end of those previously 

published, and it may be that the inclusion of a larger proportion of older volunteers 

accounts for some of this difference. 

4.4.5 Study limitations 

All normal data sets of values for MBF are influenced by physiological variation as 

well as variation within the model and analysis. While we aimed to minimise 

physiological effect as much as possible, not all factors may have been controlled 

for.  Caffeine can affect coronary vasomotor tone at rest(162) and response to 

adenosine stress(163).  Although we advised our volunteers to avoid caffeine for 

24hrs prior to the scan, previous studies have demonstrated that up to 20% may 

still have detectable caffeine levels(164).  We can however be confident that 

adequate stress was achieved through clinical monitoring and haemodynamic 

response.  Volunteers did not undergo coronary angiography, therefore coronary 

arteries may not have been truly normal. All studies were performed using a 

FLASH pulse sequence and results for MBF may vary using other pulse 

sequences. 

4.4.6 Conclusion 

We have shown that quantitative CMR myocardial perfusion mapping produces 

values similar to those of the reference method PET and with a similar degree of 

variation.  We have also demonstrated a significant difference in rest MBF 
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between sexes advocating the use of sex-specific reference ranges in diagnostic 

use and a reduction of stress MBF and MPR with advancing age.  
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Table 4-7 – Segmental rest myocardial blood flow values 

 Overall Male Female 

AHA Segment 
MBF 

(ml/g/min) 

CV 

(%) 

MBF 

(ml/g/min) 

CV 

(%) 

MBF 

(ml/g/min) 

CV 

(%) 

1 0.691±0.17 24.6 0.640±0.15 23.4 0.770±0.17 22.1 

2 0.695±0.16 23.0 0.647±0.15 23.2 0.766±0.15 19.6 

3 0.649±0.15 23.1 0.612±0.15 24.5 0.705±0.14 19.9 

4 0.575±0.13 22.6 0.537±0.12 22.3 0.632±0.13 20.6 

5 0.538±0.13 24.2 0.504±0.12 23.8 0.590±0.13 22.0 

6 0.640±0.17 26.6 0.593±0.15 25.3 0.712±0.17 23.9 

7 0.689±0.16 23.2 0.628±0.14 22.3 0.779±0.16 20.5 

8 0.670±0.15 22.4 0.618±0.13 21.0 0.750±0.14 18.7 

9 0.626±0.14 22.4 0.586±0.13 22.2 0.657±0.13 19.8 

10 0.590±0.13 22.0 0.547±0.11 20.1 0.656±0.13 19.8 

11 0.583±0.14 24.0 0.535±0.12 22.4 0.657±0.15 22.8 

12 0.650±0.16 24.6 0.598±0.13 21.7 0.729±0.17 23.3 

13 0.456±0.16 35.1 0.594±0.13 21.9 0.726±0.16 22.0 

14 0.620±0.15 24.2 0.577±0.13 22.5 0.657±0.15 22.8 

15 0.526±0.12 22.8 0.501±0.11 22.0 0.564±0.12 21.3 

16 0.542±0.15 27.7 0.511±0.13 25.4 0.589±0.16 27.2 

AHA =American Heart Association, CV = coefficient of variation, MBF = myocardial 

blood flow. 
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Table 4-8 – Segmental stress myocardial blood flow values 

 Overall Male Female 

AHA segment 
MBF 

(ml/g/min) 

CV 

(%) 

MBF 

(ml/g/min) 

CV 

(%) 

MBF 

(ml/g/min) 

CV 

(%) 

1 2.626±0.73 27.8 2.439±0.71 29.1 2.896±0.68 23.5 

2 2.452±0.70 28.5 2.331±0.71 30.5 2.623±0.66 25.2 

3 2.154±0.60 27.9 2.087±0.60 28.7 2.250±0.58 25.8 

4 2.240±0.61 27.2 2.127±0.61 28.7 2.402±0.57 23.7 

5 2.118±0.59 27.9 1.964±0.67 34.1 2.339±0.56 23.9 

6 2.553±0.73 28.6 2.375±0.71 29.9 2.808±0.67 23.9 

7 2.359±0.64 27.1 2.204±0.63 28.6 2.582±0.58 22.5 

8 2.258±0.57 25.2 2.157±0.61 28.3 2.404±0.47 19.6 

9 2.136±0.52 24.3 2.045±0.51 24.9 2.266±0.51 22.5 

10 2.059±0.53 25.7 1.939±0.52 26.8 2.230±0.49 22.0 

11 2.134±0.56 26.2 2.008±0.57 28.4 2.314±0.51 22.0 

12 2.283±0.62 27.2 2.155±0.64 29.7 2.467±0.56 22.7 

13 2.339±0.63 26.9 2.240±0.63 28.1 2.485±0.61 24.5 

14 2.109±0.54 25.6 1.999±0.53 26.5 2.272±0.50 22.0 

15 1.900±0.47 25.3 1.857±0.50 26.9 1.964±0.41 20.9 

16 2.142±0.61 28.5 2.052±0.58 28.3 2.274±0.63 27.7 

AHA =American Heart Association, CV = coefficient of variation, MBF = myocardial 

blood flow. 
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Table 4-9 – Segmental Myocardial perfusion reserve 

 Overall Male Female 

AHA Segment MPR 
CV 

(%) 
MPR 

CV 

(%) 
MPR 

CV 

(%) 

1 3.895±1.10 28.2 3.900±1.13 29.0 3.889±1.08 27.8 

2 3.656±1.08 29.5 3.692±1.07 29.0 3.602±1.09 30.3 

3 3.461±1.05 30.3 3.528±1.05 29.8 3.358±1.05 31.3 

4 4.022±1.19 29.6 4.093±1.20 29.3 3.911±1.17 29.9 

5 4.089±1.28 31.3 4.052±1.26 31.1 4.145±1.32 31.8 

6 4.178±1.42 34.0 4.178±1.45 34.7 4.175±1.37 32.8 

7 3.528±1.02 28.9 3.560±0.97 27.2 3.479±1.12 32.2 

8 3.448±0.92 26.7 3.530±0.93 26.3 3.320±0.89 26.8 

9 3.509±0.94 26.8 3.568±0.94 26.3 3.419±0.94 27.5 

10 3.602±1.05 29.2 3.645±1.13 31.0 3.536±0.94 26.6 

11 3.785±1.21 32.0 3.870±1.28 33.1 3.653±1.08 29.6 

12 3.621±1.11 30.7 3.671±1.09 29.7 3.543±1.13 31.9 

13 3.768±1.20 31.8 3.877±1.23 31.7 3.595±1.13 31.4 

14 3.519±1.03 29.3 3.536±0.99 28.0 3.492±1.10 31.5 

15 3.774±1.08 28.6 3.837±1.05 27.4 3.674±1.14 31.0 

16 4.118±1.37 33.3 4.149±1.32 31.8 4.069±1.46 35.9 

AHA =American Heart Association, CV = coefficient of variation, MBF = myocardial 

blood flow. 
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Chapter 5  

A comparison of standard and high dose adenosine protocols 

in routine stress CMR: dosage affects hyperaemic myocardial 

blood flow in patients with severe LV systolic impairment. 

5.1 Introduction 

Stress perfusion cardiovascular magnetic resonance (CMR) is an accurate, non-

invasive technique for the detection of myocardial ischaemia(23,200).  The method 

is widely used in the assessment of patients with suspected or known coronary 

artery disease (CAD); either to detect ischaemia, or in the context of cardiac 

dysfunction to detect an underlying ischaemic cause.  

Intravenous adenosine has been shown to induce near maximal hyperaemia(201) 

and is used for assessment of ischaemia in both invasive measurements such as 

fractional flow reserve (FFR) and non-invasive techniques including CMR and 

positron emission tomography (PET).  For perfusion CMR, adenosine is the most 

commonly used pharmacological stress agent(22).  Accepted protocols 

recommend administration of adenosine at a dose of 140 µg/kg/min with an 

increase up to 210 µg/kg/min if required to achieve adequate stress(142).  The 

duration of adenosine infusion is standardised and usually given for at least 3 

minutes prior to data acquisition, but it is not known if a longer duration or higher 

dose may produce a better response. 

Conventionally, adequate stress is defined by a heart rate (HR) rise of ≥10bpm or 

a systolic blood pressure (SBP) fall of >10mmHg(142), based on the assumption 

that adenosine infusion leads to systemic vasodilation and reflex tachycardia.  

Recent studies have suggested however, that these peripheral measurements 

may not be a true reflection of myocardial hyperaemia and should not be used to 

assess adenosine response(202,203).  In addition, certain patient groups including 

those with heart failure and diabetes mellitus (DM) have a blunted haemodynamic 

response to intravenous adenosine(204–206) and it is unclear to what extent this 

reduced response is reflected in coronary vasodilation. 

Recently developed techniques of inline myocardial perfusion mapping with CMR 

provide accurate, reproducible assessment of rest and vasodilator stress 

myocardial blood flow (MBF) following adenosine administration(48,167,168). This 
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study looked to compare stress MBF with different dosing regimens of adenosine 

during stress perfusion CMR in patients with suspected CAD, heart failure and 

healthy controls. 

5.2 Methods 

5.2.1 Study population 

Twenty healthy volunteers were recruited as controls to compare 3 adenosine 

perfusion protocols.  Exclusion criteria were any known cardiovascular disease, 

hypertension, hyperlipidaemia, diabetes mellitus, smoking, BMI >30 and any 

contraindication to CMR, adenosine or gadolinium-based contrast agents. 

Sixty patients with symptoms of angina or heart failure were recruited prospectively 

from CMR or coronary angiography waiting lists, for comparison of 2 adenosine 

protocols determined from the results in volunteers.  Patients were divided into 3 

groups for analysis consisting of; Group 1 - Patients with coronary disease and left 

ventricular ejection fraction (EF) ≥40%.  Group 2 – Mild to moderate HF, EF ≥ 40% 

and no evidence of coronary disease, and Group 3 - Moderate to severe HF, EF 

<40% and no evidence of coronary disease.  Exclusion criteria for patients were 

the presence of any contraindication to CMR, adenosine or gadolinium-based 

contrast agents. Coronary disease was defined by either ischaemic 

(subendocardial) LGE on CMR, at least moderate stenosis on coronary 

angiography, previous percutaneous coronary intervention or previous coronary 

arterial bypass grafting. 

5.2.2 Study protocol 

All CMR studies were undertaken on a 3T system (Siemens Magnetom Prisma, 

Erlangen, Germany). Participants were advised to avoid caffeine for 24 hours 

before the study. The protocol consisted of cine imaging, stress and rest perfusion, 

and late gadolinium enhancement as described in chapter 2. 

For perfusion imaging, adenosine was infused at a set dose for a preassigned 

time. Healthy volunteers had 3 stress perfusion acquisitions: standard dose (140 

µg/kg/min adenosine for 4 minutes), high dose (210 µg/kg/min for 4 minutes) and 

long dose (140 µg/kg/min for 8 minutes). Patients received standard dose and high 

dose for 4 minutes each.  Doses were given in random order.  A ten-minute 
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interval was kept between perfusion acquisitions, rest perfusion images were 

acquired 10 minutes after the final stress perfusion sequence in all participants. 

Participants were monitored for symptoms throughout the scan. BP and HR were 

recorded prior to starting adenosine infusion and before acquisition. For each 

perfusion acquisition, an intravenous bolus of 0.05mmol/kg gadobutrol (Gadovist, 

Leverkusen, Germany) was administered at 5ml/s followed by a 20ml saline flush 

using an automated injection pump (Medrad MRXperion Injection System, Bayer).. 

5.2.3 Qualitative analysis 

Ischaemic segments were identified on visual assessment of perfusion images. 

Splenic switch off was assessed by visually comparing enhancement of splenic 

tissue at stress and at rest.  Splenic perfusion was defined as switched off if there 

was visually lower enhancement on stress images compared to rest, or failed 

switch off if there was similar enhancement(207) or if splenic enhancement was 

low during stress(208).   

5.2.4 Quantitative analysis 

Perfusion maps were analysed using cvi42 software (Circle Cardiovascular 

Imaging, Calgary, Canada) as described in chapter 2. Segments with ischaemic 

(subendocardial) LGE were also excluded from analysis of MBF.  MBF values for 

all remaining segments were averaged to provide a value for global MBF.  

5.2.5 Subgroup analyses 

Subgroup analysis was carried out comparing patients with a HR change of 

<10bpm (non-responders) compared to those with a rise of ≥10bpm (responders). 

Within Group 1, segments with ischaemia on visual assessment were compared 

with non-ischaemic segments. 
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5.2.6 Statistical analysis 

Analysis was performed using SPSS 23 (IBM SPSS, Armonk, NY, USA).  

Normality of distribution was assessed using Shapiro-Wilk test.  Different dosing 

regimens were analysed using paired t-tests or Wilcoxson Signed Rank test in 

patients and analysis of variance (ANOVA) with repeated measures and post-hoc 

Bonferroni correction, or the Kruskal Wallis H test in healthy controls.  Categorical 

data was analysed using chi-square test or Fisher’s exact test when expected 

numbers were <5. All statistical tests were two-tailed and p<0.05 was considered 

significant.   

Myocardial perfusion reserve (MPR) was calculated as stress MBF:rest MBF.  

Inadequate HR response was defined as <10bpm in keeping with Society for 

Cardiovascular Magnetic Resonance guidelines(142). 

5.3 Results 

5.3.1 Healthy controls 

Twenty healthy control subjects were recruited, mean age 25 ±2.7 years, mean EF 

57 ±3.3%.  One volunteer withdrew after the first dose of adenosine had been 

given.  Haemodynamic data were available for all three dosing regimens for 19 

volunteers.  In one case artefact on perfusion maps at standard dose meant these 

were not included in analysis of MBF response. The final cohort therefore 

consisted of 18 subjects.  

5.3.1.1 Haemodynamic Response 

Haemodynamic data are shown in Table 1. For all doses there was a significant 

rise in HR at stress from rest (p<0.001).  In both standard and long dose protocols 

there was a significant increase in stress SBP (systolic blood pressure) from rest 

(p<0.01). There was no significant change in SBP between rest and high dose 

adenosine.  Only one participant had a SBP decrease of ≥10mmHg at standard 

and high dose adenosine, and none had this degree of change with long dose.  

There was a significant difference in stress HR between standard and high dose 

adenosine, but no difference between standard and long dose.  No significant 

difference was seen in SBP or change in SBP between doses. 

5.3.1.2 MBF 
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Global stress MBF was 2.50 ±0.74 ml/g/min with standard dose adenosine, with 

values of 2.66 ±0.59ml/g/min after high dose and 2.59 ±0.64ml/g/min with long 

dose, overall there was no significant difference between the three groups 

(p=0.323) (Figure 1).  

Although there was no significant difference in MBF, the largest increases in HR 

were seen following the high dose regimen (Table 1), therefore this regime was 

chosen for comparison with standard dose in patients. 

 

Table 5-1 – Haemodynamic response and MBF in healthy volunteers 

 Adenosine dosing  

 

140µg/kg/min 

4 minute 

duration 

210µg/kg/min 

4 minute 

duration 

140µg/kg/min 

8 minute 

duration 

p 

Rest HR (bpm) 71.3 ±14.9 71.0 ±14.1 70.9 ±13.0 0.962 

Rest sBP 

(mmHg) 
117 ±11.8 118 ±13.5 117 ±13.4 0.481 

Stress HR 

(bpm) 
101.7 ±18.8 107.9 ±16.0 105.9 ±18.7 0.017 

Stress sBP 

(mmHg) 
121 ±15.6 121 ±16.4 124 ±17.3 0.195 

Change in HR 

(bpm) 
30.4 ±12.2 36.9 ±11.3 35.0 ±12.8 0.045 

Change in sBP 

(mmHg) 
4.7 ±6.3 2.5 ±8.5 7.1 ±11.0 0.072 

Stress MBF 

(ml/g/min) 
2.50 ±0.74 2.66 ±0.59 2.59 ±0.64 0.323 

MPR 3.52 ±0.93 3.82 ±0.83 3.72 ±1.00 0.191 

A significant difference was seen in stress HR and change in stress HR.  

HR – heart rate, sBP – systolic blood pressure, MBF – myocardial blood flow. 
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Figure 5-1 Results in healthy control group 

No significant differences in MBF were seen between doses of adenosine despite 

significantly higher heart rate with high dose adenosine and long dose adenosine. 

MBF – myocardial blood flow 

 

5.3.2 Patients 

Sixty patients took part in the study divided into 20 in Group 1 (coronary artery 

disease), 16 in Group 2 (mild to moderate HF, EF ≥40%) and 24 in Group 3 

(moderate to severe HF, EF <40%). No significant differences were seen between 

the groups in incidence of diabetes mellitus, beta-blocker usage, age or sex (Table 

2). 
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Table 5-2 – Characteristics of patient groups 

 
Group 1 

n=20 

Group 2 

n=16 

Group 3 

n=24 
p 

Sex - male 17 (85%) 8 (50%) 17 (71%) 0.074 

Age 62.9 ± 8.7 63.5 ± 16.3 65.1 ± 12.7 0.344 

Diabetes mellitus 4 (20%) 0 6 (25%) 0.102 

Beta blocker usage 14 (70%) 12 (75%) 17 (71%) 0.940 

LV ejection fraction 57.5 ± 7.9 48.1 ± 5.2 26.2 ± 7.0 <0.001 

Other than ejection fraction, no significant difference was seen between the groups 

in factors previously reported to affect adenosine response.  

Group 1 - Patients with coronary disease and left ventricular ejection fraction (EF) 

>40%.  Group 2 – Mild to moderate HF, EF ≥ 40% and no evidence of coronary 

disease. Group 3 - moderate to severe HF, EF <40% and no evidence of coronary 

disease. 

 

5.3.2.1 Haemodynamic Response 

Haemodynamic data are shown in Table 3.  Mean stress HR increased 

significantly from mean rest HR in all groups and following both standard and high 

dose adenosine (p<0.01). There was no significant change between stress and 

rest SBP in any group.  In total, 36 (60%) patients had a HR rise ≥10bpm with 

standard dose adenosine, and 42 (70%) with high dose.  One (2%) patient had a 

SBP decrease of ≥10mmHg with standard dose, and 2 (3%) with high dose. In 

each group, there was a similar proportion of non-responders.  

Within group 1, stress HR was significantly higher following high dose compared 

with standard dose adenosine (77.5 ±12.5bpm vs 74.6 ±13.0bpm, p=0.025), but no 

significant difference was seen in groups 2 or 3 (Figure 2).  Stress SBP was 

significantly lower following high dose adenosine compared to standard dose in 

group 2 (119.5 ±12.6mmHg vs 124.1 ±11.3mmHg, p=0.005).  There was no 

significant difference in stress SBP between doses in the other groups. 
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No significant difference was seen in absolute HR rise between the groups and no 

significant correlation was seen between EF and HR rise across all 60 patients 

(r=0.122, p=0.353). 



 
8
8
 

Table 5-3 - Haemodynamics and response to adenosine 

 
CAD 

n = 20 

HF EF≥40% 

n=16 

HF EF<40 

n=24 

Comparison 

between groups 

(p) 

 
Standard 

dose 

High 

dose 
p 

Standard 

dose 

High 

dose 
p 

Standard 

dose 

High 

dose 
p 

Standard 

dose 

High 

dose 

Rest HR  

(bpm) 

62.3 ± 

10.1 

62.9 ± 

8.8 
0.534 

64.7 ± 

14.3 

64.7 ± 

12.9 
1.000 

75.2 ± 

12.4 

76.5 ± 

13.7 
0.547 0.002 0.001 

Rest sBP  

(mmHg) 

131.7 ± 

16.9 

131.1 ± 

16.3 
0.735 

124.2 ± 

16.1 

123.9 ± 

16.8 
0.320 

119.0 ± 

16.0 

119.0 ± 

16.4 
0.526 0.066 0.089 

Stress HR  

(bpm) 

74.6 ± 

13.0 

77.5 ± 

12.5 
0.027 

78.6 ± 

20.3 

79.8 ± 

17.3 
0.659 

87.3 ± 

16.0 

89.6 ± 

18.2 
0.418 0.039 0.038 

Stress sBP 

(mmHg) 

123.5 

±14.9 

121.1 

±12.1 
0.219 

124.1 

±11.3 

119.5 

±12.6 
0.005 

121.5 

±18.0 

123.5 ± 

18.5 
0.391 0.597 0.970 

Change in HR 

(bpm) 
12.3 ± 9.7 

14.6 ± 

8.3 
0.112 

13.9 ± 

13.7 

15.1 ± 

8.7 
0.637 

12.1 ± 

11.7 

13.1 ± 

18.8 
0.751 0.875 0.889 

Change in SBP 

(mmHg) 
-2.1 ± 9.7 

-6.1 ± 

11.2 
0.455 -1.6 ± 12.7 

-1.9 ± 

11.4 
0.139 2.4 ± 8.4 

3.2 ± 

12.9 
0.700 0.377 0.072 



 
8
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Non-responders 

(<10bpm) 
8 (40%) 4 (20%) 0.168 6 (38%) 3 (19%) 0.433 10 (42%) 

11 

(46%) 
0.771 0.966 0.097 

Failed splenic 

switch off  
2 (10%) 0 0.487 1 (6%) 0 1 2 (8%) 2 (8%) 1 1.0 0.334 

Resting HR was significantly higher in the moderate-severe HF group, no difference was seen between groups in rate of non-responders or 

absolute measures of haemodynamic response to adenosine.  

Group 1 - Patients with coronary disease and left ventricular ejection fraction (EF) >40%.  Group 2 – Mild to moderate HF, EF ≥ 40% and no 

evidence of coronary disease. Group 3 - moderate to severe HF, EF <40% and no evidence of coronary disease. Standard dose – 140 

µg/kg/min. High dose – 210 µg/kg/min.  HR – heart rate, sBP – systolic blood pressure.   
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Figure 5-2 Stress heart rate and myocardial blood flow 

 No difference was seen in stress heart rate between doses.  In those with 

moderate to severe heart failure, stress MBF was higher with higher dose 

adenosine. 

CAD – coronary artery disease, LVEF – left ventricular ejection fraction 
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5.3.2.2 MBF and MPR 

No significant difference was seen in MBF or MPR between different adenosine 

doses in either Group 1 or 2.  Within Group 3, MBF was significantly higher 

following high dose than after standard dose adenosine (standard dose 1.10 

±0.47ml/g/min vs high dose 1.33 ±0.46 ml/g/min, p=0.04).  MPR demonstrated the 

same pattern (standard dose 1.90 ±0.88 vs high dose 2.26 ±0.9, p=0.04) (Figure 2 

and 3).   

Bland Altman plots (Figure 4) show the spread of differences in MBF between 

adenosine doses and those with and without adequate response to adenosine at 

standard dose.   

There were weak correlations between increase in HR and MPR both with 

standard (r=0.266, p=0.045) and high dose adenosine (r=0.535, p<0.001).  HR 

response with standard dose adenosine did not correlate with an increase in MBF 

or MPR with high dose adenosine. 

5 patients demonstrated failed splenic switch off with standard dose adenosine 

(Table 3). Analysis was repeated, excluding those with failed splenic switch off.  

These showed the same pattern with no difference in stress MBF or MPR between 

standard and high dose adenosine in Group 1 and Group 2, but higher stress MBF 

(1.15 ±0.46ml/g/min vs 1.38 ±0.45ml/g/min, p=0.009) and MPR (1.99 ±0.88 vs 2.34 

±0.91, p=0.009) in Group 3. 

5.3.3 Subgroup analyses 

5.3.3.1 Heart rate response to adenosine 

Patients were divided into groups of non-responders (n=24) and responders 

(n=36) based on a heart rate increase of <10bpm or ≥10bpm.  There was no 

significant difference in EF, age or incidence of diabetes or beta blocker usage 

between the two groups. Stress HR was significantly different between groups 

both with standard and high dose adenosine (69.8 ±14.0bpm vs 88.1 ± 14.8bpm, 

p=<0.001 at standard dose and 74.5 ±12.0bpm vs 88.6 ± 17.5bpm, p=0.001 at 

high dose).  There was no significant difference in rest heart rate or stress MBF 

between the 2 groups at either adenosine dose. 

In the non-responder group, stress HR was significantly higher with high dose 

adenosine than with standard dose (Table 4).  Those with adequate HR response 
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to standard dose did not have a significant increase in stress HR between doses. 

No significant difference was seen in stress MBF between standard and high dose 

adenosine regardless of adequate HR response to standard dose adenosine. 

 

Table 5-4 - Difference in response to adenosine doses divided by HR response 

to standard dose   

 Standard Dose High Dose p 

Non-responders (n=24) 

Rest HR (bpm) 67.1 ±15.6 67.5 ±14.4 0.789 

Stress HR (bpm) 69.8 ±14.4 74.5 ±12.0 0.034 

Increase in HR (bpm) 2.63 ±5.71 6.96 ±11.2 0.053 

Stress MBF (ml/g/min) 1.351 ±0.494 1.447 ±0.463 0.188 

MPR 1.927 ±0.77 2.046 ±0.70 0.215 

Adequate HR response (n=36) 

Rest HR (bpm) 68.7 ±11.9 69.7 ±12.9 0.461 

Stress HR (bpm) 88.1 ±14.8 88.6 ±17.5 0.762 

Increase in HR (bpm) 19.3 ±9.3 18.9 ±12.8 0.838 

Stress MBF (ml/g/min) 1.479 ±0.598 1.592 ±0.429 0.103 

MPR 2.324 ±0.856 2.527 ±0.634 0.073 

Stress HR was significantly higher with high dose adenosine in the non-responder 

group only. Non-responders and responders were defined by heart rate increase 

with adenosine of <10bpm or ≥10bpm.  There data are from patients only. No 

difference was seen in stress MBF in either group. 

HR – heart rate, MBF – myocardial blood flow, MPR – myocardial perfusion 

reserve.
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Group 1 – Coronary artery disease 

 

Group 2 – Heart failure, EF ≥40% 

 

Group 3 – Heart failure, EF <40% 

 

Figure 5-3 Difference in stress MBF between doses  

Within Group 3 (moderate-severe HF) stress MBF was significantly higher with 

high dose adenosine compared to standard dose.   
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Figure 5-4 Difference in MBF between doses 

In Group 3, stress MBF is significantly higher following high dose adenosine, this 

effect does not appear to be related to HR response at standard dose. 
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5.3.3.2 Ischaemia 

Within group 1, eleven patients had evidence of inducible ischaemia.  On visual 

analysis, ischaemia was seen in the same coronary territories between the 

adenosine doses. A total of 60 ischaemic segments were visually identified 

following standard dose adenosine, and 63 segments following high dose.  No 

significant difference was seen in MBF in between standard and high dose 

adenosine in either the ischaemic (1.461 ±0.295ml/g/min vs 1.477 ±0.402 

ml/g/min, p= 0.697) or non-ischaemic segments (1.716 ±0.568ml/g/min vs 1.768 

±0.524 ml/g/min, p=0.130) in these patients.   

5.4 Discussion 

The Society for Cardiovascular Magnetic Resonance Standardized CMR imaging 

protocols for stress perfusion recommend an adenosine dose of 140μg/kg body 

weight/min for 2–4 min with an increase in the dose if there is inadequate HR and 

BP response(142). Our results inform several aspects of this recommendation: the 

duration of adenosine infusion, the dose of adenosine and the use of HR and BP 

as indicators of adequate response. In healthy controls, increased dose or 

extended duration adenosine were not associated with significant changes in 

stress MBF compared with standard dose adenosine. Equally, in patients with 

normal or mildly impaired LV function there was no effect of higher dose 

adenosine, but in those with moderate to severe heart failure (EF ≤ 40%), higher 

dose adenosine produced higher stress MBF.  We further show that HR and BP 

are unreliable markers of haemodynamic response.  

5.4.1 Duration of adenosine infusion  

The duration of adenosine infusion has not previously been studied for stress 

perfusion CMR but has been the subject of studies in nuclear cardiology. In Single 

Photon Emission Tomography, a 3-minute adenosine infusion showed better 

tolerability with similar diagnostic performance compared with a 6-minute 

protocol(209). A PET study using Rb-82 compared several adenosine regimes in 

127 subjects and found that a 6-minute adenosine infusion protocol with Rb-82 

activation at 3 minutes was associated with 11.4% higher stress MBF and 15.7% 

higher coronary flow reserve (CFR) than a 4-minute adenosine infusion with Rb-82 

activation at 2 minutes (185). Further extension of the adenosine infusion time 

prior to Rb-82 activation did not increase increased stress MBF or CFR further. 
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These results are not directly applicable to CMR due to the differences in tracer 

kinetics and data capture between PET and CMR. Our data show that in 

myocardial perfusion CMR, there is no significant difference in haemodynamic 

response and no change in quantitative MBF between a 4 minute and an extended 

8 minute adenosine protocol in healthy volunteers. These results suggest that the 

shorter duration protocols that are in current clinical use and recommended in 

current guidance are adequate for myocardial perfusion CMR.  

5.4.2 Dose of adenosine infusion 

The dose of adenosine infusion has been studied more extensively, using multiple 

modalities. Early invasive studies using intracoronary Doppler assessment of 

coronary blood flow velocity and total coronary resistance showed that intravenous 

adenosine at doses of 140 µg/kg/min resulted in maximal hyperaemia, defined by 

papaverine response, in 84% of subjects(201). Several invasive studies have 

assessed the effect of adenosine dose on fractional flow reserve (FFR) with higher 

doses showing no significant change in FFR compared with lower doses(210–

212). In a CMR study, Karamitsos et al showed that a stepwise increase in the 

adenosine dose from 140 μg/kg/min to 210 μg/kg/min is safe and increases the 

rate of patients with an adequate haemodynamic response(213). However, the 

MBF response to different adenosine doses has not previously compared using 

quantitative myocardial perfusion CMR. In addition to studying the same 

individuals repeatedly, we obtained MBF values at different adenosine doses in the 

same imaging session. This approach overcomes the potential confounders of 

day-to-day physiological variation in haemodynamic response and allows direct 

comparison of dose effects. Our data show no significant difference in MBF 

following standard and high dose adenosine in healthy volunteers and patients 

with coronary disease or heart failure with EF ≥40%, suggesting that irrespective of 

haemodynamic response, standard dose adenosine in these groups reliably 

induces maximal hyperaemia.   

5.4.3 Impaired LV function 

In patients with severe systolic impairment, previous studies have shown a blunted 

heart rate response to adenosine,  with  an increase in adenosine from 140 

µg/kg/min to 210 µg/kg/min more commonly required to achieve a sufficient 

haemodynamic response(204). In CMR, a previous study reported LV EF< 57% as 

an independent predictor of inadequate haemodynamic response to standard 
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adenosine dose(213). Within our patient cohort, there was no correlation between 

EF and HR rise, and no difference in HR rise between the patient groups, or any 

significant difference in the rate of non-responders. However, our study showed for 

the first time that among patients with heart failure and significant LV systolic 

impairment (EF≤40%), stress MBF increases with higher doses of adenosine, 

suggesting that standard dose regimes fail to induce maximal hyperaemia and are 

not appropriate in these patients. A pattern of decreased response to adenosine in 

heart failure requiring higher doses to achieve stress has previously been 

suggested(204). Potential mechanisms for the lower adenosine effect include the 

downregulation of gene expression of both adenosine receptors and adenosine 

deaminase (ADA) in impaired myocardium, together with a decrease in the activity 

of ADA(214,215).  Increased levels of cardiac adenosine have also been 

measured in chronic heart failure patients, and this higher endogenous level may 

explain the requirement for higher exogenous doses to achieve the anticipated 

vasodilation required in stress testing(214,215).  

We found that both with standard and high dose adenosine, failed splenic switch 

off was relatively common. It was observed more at both doses in HF patients. Our 

overall findings of higher MBF with higher dose adenosine in HF patients was 

observed regardless of the presence of splenic switch off. These findings raise 

questions of the mechanism of the apparent reduced adenosine sensitivity in HF 

patients but also the reliability of splenic switch off as a marker of adenosine 

response in the presence of LV impairment. 

5.4.4 Haemodynamic response 

In non-invasive testing, response to adenosine and the achievement of 

hyperaemia is commonly assessed using haemodynamic response relating to 

peripheral vasodilation. Conventionally, an increase in HR by >10 bpm and a fall in 

systolic BP by >10mmHg are considered markers of adequate hyperaemia(142). A 

small previous PET perfusion study suggested a correlation between HR response 

and stress MBF(185), but confounders such as ejection fraction were not explicitly 

considered. In an earlier larger PET study, change in HR  correlated poorly with 

stress MBF, and not with coronary flow reserve (CFR), leading the authors to 

suggest that peripheral haemodynamic changes could not be used to assess the 

adequacy of response to adenosine(202). No CMR studies have previously looked 

at haemodynamic response and change in quantitated MBF.   
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Within our study, 61% of those patients with EF >40% reached the threshold of 

10bpm, comparable to published results in other studies with a similar patient 

group(204). This relatively low response rate may be due to the presence of 

medications and other co-morbidities in our patient cohort. Blunted haemodynamic 

response to adenosine has been reported in DM, beta-blocker usage and CAD as 

well as impaired LVEF (204–206,213,216).  Increase in heart rate correlated only 

weakly with MPR and no significant difference was seen in stress MBF between 

groups classified by heart rate response.  

This study showed no significant relationship between rise in HR at standard dose 

adenosine and an increase in stress MBF or MPR with high dose adenosine. This 

indicates that in patients with a low HR response at standard dose adenosine, a 

higher dose does not increase myocardial perfusion – a finding that questions the 

validity of current guideline recommendations and widely used clinical practice.  

Further, we saw no significant difference in BP change between groups of patients, 

or adenosine doses and <3% of patients had a decrease in SBP of ≥10mmHg as 

described in standard protocols.  Systolic blood pressure even increased in healthy 

controls over baseline. These data suggest, in keeping with previous studies, that 

in particular BP response cannot be used as a marker of adequate vasodilator 

response, possibly due to an adrenergic response to adenosine symptoms, which 

overcomes the vasodilator effects on BP. 

5.4.5 Clinical implications 

Our data suggest that those with poor EF should have higher dose adenosine to 

achieve maximal hyperaemia, regardless of haemodynamic response. Our data 

also question the use of HR and BP response to standard dose adenosine as 

criteria to increase the adenosine dose as it does not appear to increase MBF. 

However, due to low numbers of patients with inducible ischaemia in this study we 

have not been able to assess the diagnostic impact of our observations although 

we observed a small, non-significant, increase in the number of ischaemic 

segments identified following high dose adenosine. 

5.4.6 Study limitations 

Our data may be influenced by physiological variation, although we have tried to 

minimise this. It is possible some effects may not have been controlled for, 

although we have previously demonstrated no significant difference in serial 
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measurements of stress MBF within a CMR study(167). Caffeine has been 

demonstrated to affect adenosine stress perfusion CMR(163).  Although we 

advised our volunteers to avoid caffeine for 24hrs prior to the scan, previous 

studies have demonstrated that up to 20% may still have detectable caffeine 

levels(164) and we cannot account for how these may be distributed between our 

patient groups in this study. The age range of our healthy volunteers was 

considerably lower than those of the patient groups, if age influences the response 

to adenosine then the results from these volunteers may not be applied to our 

patient groups.  There was no significant difference in mean ages between the 

patient groups. Our data cannot exclude that a higher dose of adenosine than 

210µg/kg/min might further increase stress MBF in those with LVEF <40%, but our 

data also cannot be extrapolated to support this possibility. Although the use of 

doses in excess of 210 µg/kg/min are not used in routine practice, future studies 

should explore higher doses in particular in HF patients. 

5.4.7 Conclusions 

Increasing adenosine dose is well tolerated and related to increased stress 

myocardial blood flow in patients with significant LV impairment. Achievement of 

adequate myocardial vasodilator response, assessed by quantitative perfusion, is 

not significantly related to peripheral haemodynamic measurements BP and HR. 

These observations may impact future practice guidelines for stress perfusion 

CMR. Dosage of adenosine in clinical perfusion assessment should be carefully 

considered and may need to be increased in subsets of patients, in particular 

those with severely impaired LV function, or alternative stress agents considered. 
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Chapter 6  

Aetiology of heart failure with mid-range ejection fraction: 

Deep phenotyping using CMR 

6.1 Introduction 

Heart failure has historically been classified based on left ventricular (LV) ejection 

fraction (EF) and divided into two groups: Heart failure with reduced ejection 

fraction (HFrEF) and heart failure with preserved ejection fraction (HFpEF).  The 

2016 ESC Heart Failure Guidelines defined a new, middle, category: heart failure 

with mid-range ejection fraction (HFmrEF) of 40-50% between HFrEF (EF<40%) 

and HFpEF (EF≥50%)(217).   

Both HFrEF and HFpEF have been shown to have different patient characteristics, 

outcomes and therapeutic response(218,219). Within clinical trials, the HFmrEF 

group have often been excluded, split or grouped with HFpEF (219,220). The ESC 

guidelines highlight this new category as an area with a gap in evidence and 

advocate research into underlying characteristics, pathophysiology and diagnosis.  

Since the publication of these guidelines, the concept of a categorical classification 

of heart failure based solely on LVEF has been challenged reflecting overlap in 

epidemiology, pathophysiology and clinical manifestation across the spectrum of 

heart failure and the currently defined subtypes.  Large epidemiological registry 

studies have shown HFmrEF to most closely resemble HFrEF in terms of age, 

gender and presence of ischaemic heart disease, while in the majority of other 

characteristics, it has been an intermediate group(221–223).   

Cardiovascular magnetic resonance (CMR) tissue characterisation has previously 

been used in HF to identify high risk features such as ischaemic scar, focal and 

diffuse fibrosis. These characteristics have not previously been described for 

HFmrEF. However, across the HF spectrum they have been shown to be potential 

markers of prognosis and may be helpful in guiding therapy. 

We aimed to use CMR to define the cardiac phenotype of presumed non-

ischaemic HFmrEF specifically comparing the prevalence of occult ischaemic heart 

disease and tissue characteristics to HFpEF and HFrEF.  
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6.2 Methods 

6.2.1 Study population 

300 patients, seen in outpatient cardiology clinics and referred for a CMR scan 

following a new, clinical diagnosis of heart failure were prospectively recruited.  

Patients were excluded if they had a known history of coronary artery disease 

(stenosis >70% on angiography, myocardial infarction, previous percutaneous 

coronary intervention or coronary artery bypass grafting) or symptoms of angina.  

Other exclusion criteria included hypertrophic cardiomyopathy, amyloidosis, 

congenital heart disease, suspected acute pathology such as myocarditis, 

advanced renal failure, or contraindication to CMR or gadolinium-based contrast 

agents. In addition, 25 healthy controls were recruited who underwent CMR with 

an identical protocol. Patients were divided using into classifications of HFpEF 

(LVEF ≥50%), HFmrEF (LVEF 40-50%) and HFrEF (LVEF <40%) using the LVEF 

measured from their CMR scan. 

6.2.2 Patient characteristics 

Patients underwent clinical assessment on the day of their CMR appointment, 

including medical history, New York Heart Association (NYHA) functional class, 

risk factors and medical management.  In patients with a LVEF >50%, a H2FPEF 

score(224) was calculated using previous echocardiogram results, where 

available, and medical history. Haematocrit (Hct) was measured from a blood 

sample taken at the time of the CMR scan. 

6.2.3 Study protocol 

All CMR studies were undertaken on a 3T system (Siemens Magnetom Prisma, 

Erlangen, Germany). Participants were advised to avoid caffeine for 24 hours 

before the study. To gain a complete phenotype, the protocol (Figure 1) consisted 

of cine imaging, T1 mapping using a MOdified Look Locker Inversion recovery 

(MOLLI) sequence (native 5(3)3; post-contrast 4(1)3(1)2), stress and rest 

perfusion using free breathing, motion corrected (MOCO) automated in-line 

perfusion mapping(48), and MOCO bright blood late gadolinium enhancement 

(LGE).  
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Figure 6-1 CMR protocol 

Study protocol consisted of parametric mapping of native T1 and post-contrast T1, 

and adenosine stress and rest myocardial perfusion.  Long axis cines and a short 

axis stack were used to obtain volumes and myocardial mass.  LGE imaging 

identified ischaemic and non-ischaemic scar.  

 

LGE images were acquired as a SAX stack and in 4 and 2 chamber views. When it 

was unclear if enhancement seen on bright blood LGE was ischaemic a dark blood 

LGE stack was also acquired(225).  

For perfusion imaging, adenosine was infused for a minimum of 3 minutes, at a 

rate of 140 µg/kg/min and increased up to a maximum of 210 µg/kg/min according 

to haemodynamic and symptomatic response. Images were acquired over 90 

dynamics to allow for poor ventricular function. A minimum ten-minute interval was 

kept between perfusion acquisitions. 

Blood pressure and heart rate were recorded during adenosine infusion. For 

perfusion imaging, an intravenous bolus of 0.05mmol/kg gadobutrol (Gadovist, 

Leverkusen, Germany) was administered at 5ml/s followed by a 20ml saline flush 

using an automated injection pump (Medrad MRXperion Injection System, Bayer). 

Perfusion mapping was performed and implemented on the scanner using the 

Gadgetron streaming software image reconstruction framework(48). 
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6.2.4 Qualitative analysis 

LGE was reported if enhancement was identified on two orthogonal planes or 

where available on both bright and dark blood LGE images.  Ischaemic LGE was 

defined as involving the subendocardium in a typical coronary distribution while 

non-ischaemic LGE did not involve the subendocardium.  Inducible ischaemia was 

defined as a visual perfusion defect affecting >1 segment present at stress, but not 

at rest or matching infarct on LGE imaging, in a coronary distribution. 

6.2.5 Quantitative analysis 

T1 and perfusion maps were analysed using cvi42 software (Circle Cardiovascular 

Imaging, Calgary, Canada) as described in Chapter 2.  In order to report global 

microvascular function (rather than the effects of occult coronary artery disease or 

replacement fibrosis) segments with ischaemia or late gadolinium enhancement 

were also excluded from analysis.  T1 times and MBF values for all remaining 

segments were averaged to provide a global value. 

Myocardial perfusion reserve (MPR) was calculated as stress:rest MBF.  ECV was 

calculated using the formula “myocardial ECV = (1 − Hct) × 

(ΔR1myocardium/ΔR1blood), where R1 = 1/T1”. These were calculated for each 

segment and averaged to provide a global value. 

6.2.6 Statistical analysis 

Analysis was performed using SPSS 23 (IBM SPSS, Armonk, NY, USA).  

Normality of distribution was assessed using the Shapiro-Wilk test. Data is 

presented as mean (±standard deviation) for continuous data and number 

(percentage) for categorical data, 

Continuous variables were analysed using analysis of variance (ANOVA) with 

post-hoc Bonferroni correction, Kruskal Wallis H test or Mann-Whitney U test. 

Categorical data was analysed using chi-square test. Correlation was assessed 

using Pearson r correlation. Statistical tests were two-tailed and p<0.05 was 

considered significant.   

6.3 Results 

Of the 300 patients that were prospectively recruited, 13 were excluded from 

analysis because of adenosine contraindications (n=4), data that could not be 
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analysed (n=4,) or because of discovered exclusion criteria (n=5), (CONSORT 

diagram, Figure 2). 

Of the 287 patients included in the final analysis, 134 (46.7%) met criteria for 

HFrEF, 93 (32.4%) had HFmrEF and 60 (20.9%) had HFpEF (HFpEF score 

median 3, IQR 2-5).  

 

Figure 6-2 Recruitment into study 

300 patients were prospectively recruited prior to clinical CMR.  287 were included 

in final analysis. 

CAD – coronary artery disease, HF - heart failure 
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6.3.1 Clinical characteristics 

Age and sex of HFmrEF patients fell between HFpEF and HFrEF but no significant 

differences were seen in cardiovascular risk factors between HFmrEF patients and 

other groups (Table 1).  Groups were comparable for co-morbidities other than 

atrial fibrillation (AF) which was more prevalent in both HFmrEF and HFrEF 

compared to HFpEF. There were no differences in symptoms or functional class 

between the groups.  HFmrEF patients reported symptoms of breathlessness in 

similar proportions to HFpEF patients, and less than HFrEF patients. Diuretic and 

mineralocorticoid antagonist was lowest in HFpEF and highest in HFrEF.  

HFmrEF fell between HFpEF and HFrEF in assessment of left and right ventricular 

volumes and mass (Table 2).  

6.3.2 Prevalence of occult ischaemic heart disease 

Ischaemic scar was seen in 58 patients (20%) and was more frequent in both 

HFmrEF and HFrEF (17% and 31%) than in HFpEF (2%), p<0.001. Inducible 

ischaemia was seen in 20 (7%) overall, most commonly in HFmrEF (9.7%) and 

HFrEF (7.5%) and less often in HFpEF (1.7%), p=0.157. Non-ischaemic scar was 

detected in 91 patients (31.7%), but the prevalence was not significantly different 

between groups, p=0.096. The presence of occult ischaemic heart disease 

(defined as either inducible ischaemia or ischaemic LGE) was 20% in HFmrEF and 

33% in HFrEF but only 3% in the HFpEF group (p<0.001 for trend), (Table 3).  

6.3.3 Tissue characteristics 

Native T1 and ECV were both increased between patients and healthy controls 

(Table 4).   

Native T1 was highest in HFrEF and with no significant difference between 

HFmrEF and HFpEF: (HFpEF 1310±33ms, HFmrEF 1311±32ms and HFrEF 

1340±45ms, HFpEF vs HFmrEF p=1, HFmrEF vs HFrEF p<0.001. 

ECV showed the same pattern with highest ECV in HFrEF (implying more 

interstitial expansion): HFpEF 25.0±2.6%, HFmrEF 24.6±3.2% and HFrEF 

26.3±3.1%, HFpEF vs HFmrEF p=0.316, HFmrEF vs HFrEF p<0.001. 
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When EF was considered as a continuous variable, there were significant negative 

correlations between EF and T1 (r=-0.393, p<0.001), and EF and ECV (r=-0.263, 

p<0.001). 

Stress MBF was lower in all patient groups than healthy controls, with no 

difference between HFmrEF and HFpEF, stress MBF was lower in HFrEF group: 

HFpEF 1.93±0.57ml/g/min, HFmrEF 1.89±0.62ml/g/min and HFrEF 

1.51±0.50ml/g/min, HFpEF vs HFmrEF p=0.597, HFmrEF vs HFrEF p<0.001. 

There was a significant correlation between stress MBF and EF (r=0.338, p<0.001) 

Figure 3. These differences and correlations remained present when patients with 

CMR discovered ischaemic heart disease were excluded from analysis. 

Rest MBF was significantly higher in patients than healthy controls (Table 4).  

Within HF patients, rest MBF was significantly lower in HFmrEF compared to 

HFpEF with no difference between HFmrEF and HFrEF: HFpEF 

0.79±0.25ml/g/min, HFmrEF 0.71±0.19ml/g/min and HFrEF 0.70±0.22ml/g/min, 

HFpEF vs HFmrEF p=0.019, HFmrEF vs HFrEF p=0.515. 

There was no significant correlation between EF and rest MBF (Figure 3). 

MPR was not different between HFmrEF and HFpEF (p=0.165) but was lower in 

HFrEF compared to HFmrEF (2.28±0.84ml/g/min vs 2.75±0.84ml/g/min, p<0.001) 

(Table 4).  These findings remained when those with ischaemic heart disease were 

removed from analysis. 
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Table 6-1 – Clinical features 

 All Patients 

287 

HFpEF 

60 

HFmrEF 

93 

HFrEF 

134 
p 

HFpEF: 

HFmrEF 

HFmrEF: 

HFrEF 

 Age (yrs) 62.4±12.5 58.7±11.0 61.2±14.3 64.9±12.3 0.003 0.638 0.081 

 Female 104 (36.2) 34 (56.7) 37 (39.8) 33 (24.6) <0.001 0.029 0.032 

Symptoms 

 NYHA                       I 183 (63.8) 43 (71.7) 65 (69.9) 75 (56.0)    

                                  II 90 (31.4) 13 (21.7) 24 (25.8) 53 (39.6) 0.075 0.717 0.091 

                                  III 14 (4.9) 4 (6.7) 4 (4.3) 6 (4.5)    

 SOBOE 106 (36.9) 18 (30.0) 27 (29.0) 61 (45.5) 0.016 0.989 0.026 

 Orthopnoea 48 (16.7) 9 (15.0) 11 (11.8) 28 (20.9) 0.182 0.570 0.075 

 Peripheral oedema 45 (15.7) 9 (15.0) 13 (14.0) 23 (17.2) 0.799 0.993 0.782 

Risk factors 

Diabetes 52 (18.1) 7 (11.7) 17 (18.3) 28 (20.9) 0.304 0.349 0.410 

HbA1c (mmol/mol) 43.4±12.6 41.2±1.8 42.2±1.7 45.5±0.88 <0.001 0.912 <0.001 

Hypertension 122 (42.5) 22 (36.7) 40 (43.0) 60 (44.8) 0.569 0.435 0.792 

Systolic BP (mmHg) 124±19.3 129±2.6 125±2.1 121±1.7 0.008 0.345 0.096 

Hypercholesterolaemia 72 (25.1) 12 (20.0) 29 (31.2) 31 (23.1) 0.230 0.127 0.176 

Stroke 38 (13.2) 7 (11.7) 8 (8.6) 23 (17.2) 0.160 0.534 0.065 

Atrial fibrillation 112 (39) 15 (25.0) 40 (43.0) 57 (42.5) 0.043 0.026 0.943 
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Smoking history 159 (55.4) 30 (50.0) 51 (54.8) 78 (58.2) 0.563 0.474 0.817 

 BMI (kg/m2) 27.8 ±4.9 27.8 ±5.3 28.1 ±4.9 27.6 ±4.9 0.809 1.000 1.000 

Medications 

 Antiplatelet 55 (19.2) 13 (21.1) 16 (17.2) 26 (19.4) 0.787 0.492 0.675 

 Beta blocker 225 (78.4) 43 (71.7) 75 (80.6) 107 (79.9) 0.359 0.144 0.627 

 Statin 119 (41.5) 17 (28.3) 36 (38.7) 66 (49.3) 0.019 0.236 0.065 

 ACEi/ARB 241 (84.0) 43 (71.7) 81 (87.1) 117 (87.3) 0.014 0.017 0.962 

 MRA 64 (22.3) 5 (8.3) 14 (15.1) 45 (33.6) <0.001 0.218 0.002 

 Diuretic 116 (40.4) 11 (18.3) 27 (29.0) 78 (58.2) <0.001 0.135 <0.001 

NYHA – New York Heart Association, SOBOE – shortness of breath on exertion, BMI – body mass index, ACE – angiotensin converting 

enzyme inhibitor, ARB – angiotensin receptor blocker, MRA – mineralocorticoid receptor antagonist 

  



 
1
0
9
 

Table 6-2 - Volumetrics 

 
All Patients 

287 

HFpEF 

60 

HFmrEF 

93 

HFrEF 

134 
p 

HFpEF: 

HFmrEF 

HFmrEF: 

HFrEF 

LVEF (%) 39.8 ±12 55.7±4.5 45.2±2.8 28.9±8.0 <0.001 <0.001 <0.001 

LVEDVi 

(ml/m2) 
111±36 84.3±15 101±25 130±39 <0.001 <0.001 <0.001 

RVEDVi (ml/m2) 77.8±22 71.7±17 75.7±20 81.9±25 0.018 0.448 0.063 

LV mass indexed 

(g/m2) 
67.6±19 56.8±14 63.2±18 75.5±18 <0.001 0.033 <0.001 

RVEF (%) 49.6±13 57.3±9.9 52.5±10 44.1±13 <0.001 0.006 <0.001 

MCR (g/ml) 0.63±0.15 0.68±0.15 0.64±0.14 0.61±0.15 0.001 0.088 0.0.34 

LV:RV 1.48±0.59 1.21±0.24 1.36±0.28 1.69±0.76 <0.001 0.001 <0.001 

 

LVEDVi – left ventricular end-diastolic volume indexed to body surface area, RVEDVi – right ventricular end-diastolic volume indexed to body 

surface area, RVEF – right ventricular ejection fraction, MCR – mass to cavity ratio, LV:RV – left ventricular to right ventricular end diastolic 

volume ratio.   
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Table 6-3 - Presence of ischaemic heart disease or late gadolinium enhancement 

 HFpEF 

60 

HFmrEF 

93 

HFrEF 

134 
p 

HFpEF: 

HFmrEF 

HFmrEF: 

HFrEF 

Regional 

ischaemia 
1 (1.7) 9 (9.7) 10 (7.5) 0.157 0.050 0.553 

Ischaemic LGE 1 (1.7) 16 (17.2) 41 (30.6) <0.001 0.003 0.022 

IHD 2 (3.3) 19 (20.4) 44 (32.8) <0.001 0.003 0.004 

Non-ischaemic 

LGE 
16 (26.7) 25 (26.9) 50 (37.3) 0.161 0.977 0.100 

The incidence of both ischaemic heart disease and non – ischaemic LGE were highest in the HFrEF group.    Ischaemic heart disease was 

seen in a significantly higher proportion of patients with HFmrEF compared to HFpEF, and lower compared to HFrEF. 

LGE – late gadolinium enhancement, IHD – ischaemic heart disease.  
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Table 6-4 - Parametric data 

 
Controls 

25 

p 

(Controls: 

Patients) 

HFpEF 

60 
 

HFmrEF 

93 
 

HFrEF 

134 
 

p 

(all HF) 

HFpEF: 

HFmrEF 

HFmrEF: 

HFrEF 

Native T1 

(ms) 
1252.4±21.2 <0.001 1310±33 1311±32 1340 ±45 <0.001 1 <0.001 

ECV (%) 22.7±1.7 <0.001 25.0±2.6 24.6±3.2 26.3±3.1 <0.001 0.316 <0.001 

Stress MBF 

(ml/g/min) 
2.23±0.69 <0.001 1.93±0.57 1.89±0.62 1.51±0.50 <0.001 0.597 <0.001 

Rest MBF 

(ml/g/min) 
0.60±0.15 0.003 0.79±0.25 0.71±0.19 0.70±0.22 0.014 0.019 0.515 

MPR 3.85±1.23 <0.001 2.56±0.71 2.75±0.84 2.28±0.84 <0.001 0.165 <0.001 

ECV – extracellular volume, MBF – myocardial blood flow, MPR – myocardial perfusion reserve 
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Figure 6-3 Correlation with ejection fraction 

Significant correlation was seen between left ventricular ejection fraction (LVEF) 

and stress myocardial blood flow (MBF) (A), native T1 (C) and extracellular volume 

(D).  There was no significant correlation between rest MBF and LVEF in patients.  

A r=0.338, p<0.01, B r=0.107, p=0.07, C r=-0.393, p<0.01, D r=-0.263, p<0.01. 
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6.4 Discussion 

This study has shown that among 287 patients being investigated for the aetiology 

of heart failure, those with HFmrEF had tissue characteristics, markers of diffuse 

fibrosis and microvascular function similar to HFpEF. Conversely HFmrEF patients 

had a 20% incidence of occult coronary artery disease (CAD) which was similar to 

HFrEF 

6.4.1 Silent ischaemia and infarction 

Unselected heart failure studies have shown an incidence of IHD in HFmrEF 

between 41 and 61% (221,226) with higher rates of IHD in HFmrEF than in 

HFpEF, and similar rates compared to HFrEF(221,222,226–229).  Evaluation of 

IHD is a common indication for CMR and in order to avoid selection bias we only 

recruited patients without symptoms or history of IHD. Our study reported the novel 

finding that patients with HFmrEF have an increased level of occult ischaemic 

heart disease than in HFpEF and comparable to HFrEF group. Previous CMR 

studies of higher risk groups have identified a similar prevalence of myocardial 

infarction in both older adults(230) and those with type 2 diabetes(119). 

20% of the HFmrEF group had evidence of either previous MI or inducible 

ischaemia as the underlying aetiology for their LV dysfunction.  The importance of 

underlying diagnosis lies in its ability to direct either further investigation, such as 

angiography in the case of ischemia where revascularisation may be considered, 

or in directing medical therapy where the presence of coronary artery disease 

supports therapy with antiplatelet agents and statins. 

Within our study, 26% of the HFmrEF population with IHD diagnosed on CMR 

were not receiving either antiplatelet agents or anticoagulation – a potential group 

for therapy change to reduce the risk of future cardiovascular events. In the same 

cohort, only 40% of patients were on statin therapy, again, recommended in ESC 

guidelines for all patients with chronic coronary syndromes for the prevention of 

future cardiovascular events(4). 

The presence of ischaemic scar is known to be associated with adverse 

cardiovascular outcomes(74,81,230). Silent ischaemia or infarction are both 

associated with an increased risk of adverse cardiac events (75,231). The subset 

of patients with ischaemic HFmrEF potentially have a worse prognosis although it 

remains to be established whether they respond differently to medical or device 
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therapy. Identification of this subgroup supports the role of CMR in recognising 

occult IHD in patients with HFmrEF.   

6.4.2 Non-ischaemic heart failure 

6.4.2.1 Diffuse Fibrosis 

HFmrEF patients showed elevated native T1 and ECV values, markers of diffuse 

fibrosis(232,233), compared to healthy controls. Although values in HFmrEF were 

more similar to HFpEF and significantly less elevated than in HFrEF when 

considered as discrete groups, overall, there was a correlation between EF and 

both T1 and ECV suggesting a degree of continuity over the spectrum of ejection 

fractions.  

A recent study by Doeblin et al, examined tissue characterization in HFmrEF, 

demonstrating significantly higher values of native T1 in HFmrEF compared to 

HFpEF, and no significant difference between HFmrEF and HFrEF.  No significant 

difference was seen between the groups in ECV(234).  This study included 17 

patients with HFpEF and HFrEF and 18 with HFmrEF, and absolute differences in 

ECV and T1 are relatively small, which may account for the differences from our 

results. Similarly, to our results, there were negative correlations between T1 and 

ECV, and LVEF. 

Previous studies have examined the significance of ECV in both preserved and 

reduced LV ejection fraction. In HFpEF, ECV has been demonstrated to be 

significantly different to controls, as in our study, and a predictor of disease 

severity such as LV stiffness(235) and baseline BNP(236), as well as associated 

with adverse outcomes including hospitalisation for heart failure and 

death(236,237).  

CMR registry data have shown that increased ECV is associated with increased 

risk of heart failure hospitalisation and mortality across the spectrum of ejection 

fraction, including patients with HFmrEF(120,238–241). In addition it has been 

suggested that ECV may also be a predictor of recovery of LVEF in some 

DCM(242). 

The evidence for ECV as a prognostic marker in both HFpEF and HFrEF makes it 

likely that it would also be important in HFmrEF and, although not assessed as 

part of the current study, may play a part in identifying subgroups of patients who 

may benefit from different treatment options. 
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6.4.2.2 Perfusion 

There was no difference in stress MBF between HFmrEF and HFpEF or controls, 

but significantly higher values in HFmrEF compared to HFrEF.  Overall, there was 

a moderate correlation between stress MBF and LVEF.  These findings remained 

consistent when those with evidence of ischaemic heart disease were removed 

from the analysis. 

An underlying hypothesis that microvascular dysfunction leads to chronic 

hypoperfusion, contributing to progressive deterioration in LV function, has been 

suggested(243).  The correlation between EF and stress MBF that we have 

demonstrated supports these findings, although cannot provide evidence of a 

causal relationship between reduced MBF and LV function.  Previous studies have 

shown decreased stress MBF in DCM(125,244) and severe systolic heart failure, 

which has been presumed secondary to microvascular disease.  In addition, 

impaired stress MBF has been shown to be associated with poor prognosis in 

patients with LV dysfunction, independent of the level of impairment(244). This 

theory also presents an attractive potential target for medical therapy to slow 

progression.   

Within HFmrEF, although no significant difference in seen in mean MBF, 

compared to controls, patients may be able to be identified for further investigation 

or targeted therapy. 

MPR showed a significant correlation with EF, decreasing with worsening EF. 

Although MPR declines with EF, even in the HFrEF group it does not fall to levels 

that would be considered diagnostic of ischaemia in obstructive coronary disease 

in other studies using CMR quantitative perfusion(245), suggesting a different 

threshold may apply in microvascular disease.  

We demonstrated no correlation between EF and resting MBF.  A role for resting 

MBF in development of LV dysfunction has also been suggested with several PET 

and CMR studies suggesting that resting MBF is decreased in DCM(244,246), 

again leading to a state of chronic, low-grade ischaemia.    However, these 

findings are less consistent between studies, with others showing different results.  

Other PET studies have shown no difference between controls and DCM 

groups(243), and one CMR study in DCM has shown a higher resting MBF in DCM 

compared to controls(125) suggesting possible higher metabolic requirement at 

rest in DCM.  Lack of heterogeneity in results and relationships between resting 
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MBF and EF is likely to be associated with the numerous other factors that can 

influence rest MBF which are difficult to control for in these studies. 

Reported outcomes within HFmrEF have varied between studies, and have been 

reported as similar to HFpEF(228,247), to HFrEF(248), intermediate(221) or 

independent of ejection fraction (222,227,249). From parametric markers 

measuring diffuse fibrosis and perfusion, HFmrEF resembles HFpEF while the 

HFrEF group demonstrates higher ECV and lower stress MBF (and MPR).  These 

findings may represent part of the mechanism of deterioration in left ventricular 

function, and potentially could be markers of poor prognosis with in the HFmrEF 

group, leading to progression to HFrEF.   

6.4.3 Nomenclature 

Whilst HF with ejections fractions between 40 and 50% has been known to be a 

grey area before the publication of the ESC guidelines, the way in which it has 

been defined has varied.  ESC guidelines classify this group as a separate entity, 

suggesting potential unique characteristics, while the AHA guidelines have broadly 

defined it as HFpEF(250).  Within the AHA group, there are 2 categories, either 

HFpEF borderline (EF 40-49%) or HFpEF recovered (EF 40-49% with evidence of 

previous EF <40%). These two groups would differ significantly in treatment 

options, with one behaving similarly to HFpEF and unlikely to benefit prognostically 

from medical therapies, and the other requiring traditional HFrEF treatments to 

maintain this recovered EF.  Evidence of how to distinguish between these groups, 

without prior imaging evidence is difficult, and it may be that tissue characteristics 

could differ between the two and help inform diagnosis. This distinction points to 

the potential importance of aetiology rather than EF as a marker for treatment, an 

area where CMR plays a key role, as demonstrated by the proportion of silent IHD 

identified in our cohort 

With the development of more attention to this middle group of heart failure, a 

further hypothesis of heart failure as a continuous spectrum, rather than defined by 

EF has been proposed(251,252).  This argues that heart failure is better described 

by phenotype and aetiology than by EF which is known to vary.  In one prospective 

study of patients with a diagnosis of heart failure, 57% of those initially categorised 

as HFmrEF had changed their EF class within one year, with 24% reducing to 

HFrEF and 33% increasing in EF to the HFpEF category.  Nevertheless, these 

patients’ underlying disease aetiology will remain the same.  Overall, our data 
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supports this continuous theory.  We have shown linear relationships in EF with 

diffuse fibrosis and stress perfusion across the EF spectrum, and the lack of 

significant difference between HFmrEF and HFpEF in these parameters when 

considered as discrete groups may in part be due to the narrower range of EF in 

each compared to HFrEF (HFrEF 6.7-39.9%, HFmrEF 40-49.7% and HFpEF 50-

72%).We have shown that CMR has an important role in the identification of 

different phenotypes of HFmrEF and advocate that it has an important role in risk 

stratification it such patients.  

6.4.4 Limitations 

Patients within this study were prospectively recruited from clinical care, where a 

CMR scan had been requested by the treating clinician.  This may have introduced 

a degree of referral bias where patients not deemed to be suitable for CMR may 

have been excluded reducing the proportion of patients with AF, more frail or 

elderly patients, or those with more severe heart failure symptoms in our study 

compared with other cohorts.  A large proportion of our patients had NYHA class I 

symptoms at the time of scanning, potentially because they had already been seen 

and started on appropriate medical therapy prior to their scan. Whilst patients were 

advised to avoid caffeine prior to their scan, this was not tested for, and previous 

studies have shown that some patients will still have detectable levels of caffeine 

at the time of their scan, which may influence the effects of adenosine. 

6.4.5 Conclusion 

We have demonstrated a trend in fibrosis and perfusion related to ejection fraction 

and supporting the consideration of heart failure as a spectrum rather than distinct 

entities divided by EF,  and other factors such as aetiology may be important in 

determining best management. 

This study provides a detailed description of the HFmrEF phenotype. Patients with 

HFmrEF have a high prevalence of occult ischaemic heart disease (similar to 

HFrEF) and without appropriate imaging may miss out on secondary prevention. 

Conversely patients with HFmrEF have less microvascular impairment and fibrosis 

(similar to HFpEF), further work is needed to confirm how the phenotype of 

HFmrEF responds to medical therapy.   
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Chapter 7  

CMR phenotyping in heart failure and diabetes: the role of 

dysglycaemia and microvascular dysfunction 

7.1 Background 

Diabetes is an increasing challenge with current estimates of over 450 million people 

affected worldwide, and this figure projected to continue to rise(63).  Heart failure and 

diabetes are associated, with heart failure as a common early manifestations of 

cardiovascular disease in diabetes(96). Diabetes has been identified as an 

independent risk factor for the development of heart failure(89,90) and prognosis in 

heart failure shown to be worse in those with diabetes (95). 

Diabetes mellitus is associated with an increased risk of coronary artery disease and 

associated ischaemic cardiomyopathy.  However, it is also associated with diabetic 

cardiomyopathy, with abnormal myocardial function in the absence of coronary 

disease.  The exact mechanisms behind the development of this condition are 

unknown with a proposed mechanism of fibrosis and myocardial dysfunction 

progressing to systolic impairment(107). Tissue characterisation with cardiovascular 

magnetic resonance (CMR) has given insights into the early changes involved in this 

condition, demonstrating increased myocardial mass and interstitial fibrosis.  The 

addition of quantitative myocardial perfusion will provide a new tool to assess 

microvascular abnormalities, another potential prognostic marker in this complex 

patient group. 

We hypothesised that dysglycaemic patients presenting with a new diagnosis of heart 

failure have increased prevalence of occult ischaemic heart disease and 

microvascular dysfunction. We aimed to investigate if either of these factors is 

associated with major adverse cardiovascular events (MACE).  
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7.2 Methods 

7.2.1 Study population 

In this prospective clinical study, patients with newly diagnosed heart failure who had 

been referred for a CMR scan to investigate aetiology were recruited (n=365).  

Patients were excluded if they had a known history of coronary artery disease 

(stenosis >70% on angiography, myocardial infarction, previous percutaneous 

coronary intervention or coronary artery bypass grafting) or symptoms of angina.  

Other exclusion criteria included hypertrophic cardiomyopathy, amyloidosis, 

congenital heart disease, suspected acute pathology such as myocarditis, advanced 

renal failure, or any contraindication to CMR or gadolinium-based contrast agents. 

The primary outcome was a MACE event, defined as the composite of cardiovascular 

death, non-fatal acute coronary syndrome, stroke and hospitalisation due to heart 

failure. 

7.2.2 Patient characteristics 

Patients underwent clinical assessment on the day of their CMR appointment, 

including medical history, New York Heart Association (NYHA) function class, risk 

factors and current medications. Haematocrit (Hct) and HbA1c were measured from a 

blood sample taken at the time of the CMR scan. 

Patients were subsequently divided into normoglycaemic (HbA1c <42mmol/mol) and 

dysglycaemic (HbA1c>42 mmol/mol), with this group being further divided into pre-

diabetes (HbA1c 42-47 mmol/mol) and diabetes (HbA1c>47mmol/mol)(68).  All 

patients with a known diagnosis of diabetes were classified as dysglycaemic and 

diabetes, regardless of their HbA1c. 

7.2.3 Study protocol 

All CMR studies were undertaken on a 3T system (Siemens Magnetom Prisma, 

Erlangen, Germany). Participants were instructed to abstain from caffeine for 24 hours 

before the study. The protocol consisted of cine imaging, native and post contrast T1 

mapping, stress and rest perfusion and late gadolinium enhancement imaging as 
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described in chapter 2. When it was unclear if enhancement seen on bright blood LGE 

was ischaemic a dark blood LGE stack was also acquired(225).  

For perfusion imaging, adenosine was infused for a minimum of 3 minutes, at a rate of 

140µg/kg/min and increased up to a maximum of 210µg/kg/min if there was 

insufficient haemodynamic response (heart rate increase less than 10bpm or systolic 

blood pressure change less than 10mmHg) or there was no symptomatic response. 

Images were acquired over 90 dynamics to allow for poor ventricular function. A 

minimum ten-minute interval was kept between perfusion acquisitions. 

Blood pressure and heart rate were recorded during adenosine infusion. For perfusion 

imaging, an intravenous bolus of 0.05mmol/kg gadobutrol (Gadovist, Leverkusen, 

Germany) was administered at 5ml/s followed by a 20ml saline flush using an 

automated injection pump (Medrad MRXperion Injection System, Bayer). Perfusion 

mapping was performed using the Gadgetron streaming software image 

reconstruction framework(48). 

7.2.4 Image analysis 

Measurement of cardiac volume parameters and the presence of late gadolinium was 

performed using cvi42 software (Circle Cardiovascular Imaging, Calgary, Canada). 

LGE was reported if enhancement was identified on two orthogonal planes or, where 

available, on both bright and dark blood LGE images.  Ischaemic LGE was defined as 

involving the subendocardium in a typical coronary distribution while non-ischaemic 

LGE did not involve the subendocardium.  Inducible ischaemia was defined as a 

visual perfusion defect affecting >1 segment present at stress, but not at rest or 

matching infarct on LGE imaging, in a coronary distribution. 

7.2.5 Quantitative analysis 

T1 and perfusion maps, were analysed as described in chapter 2. In order to report 

global microvascular function (rather than the effects of occult coronary artery disease 

or replacement fibrosis) segments with ischaemia or late gadolinium enhancement 

were also excluded from analysis.  T1 times and MBF values for all remaining 

segments were averaged to provide a global value. 



122 
 

Myocardial perfusion reserve (MPR) was calculated as stress/rest MBF.  ECV was 

calculated using the formula “myocardial ECV = (1 − Hct) × 

(ΔR1myocardium/ΔR1blood), where R1 = 1/T1”. These were calculated for each 

segment and averaged to provide a global value. 

7.2.6 Statistical analysis 

Analysis was performed using SPSS 23 (IBM SPSS, Armonk, NY, USA).  Normality of 

distribution was assessed using the Shapiro-Wilk test. Data is presented as mean 

(±standard deviation) or median and IQR for continuous data, and 

frequency(percentage) for categorical data. 

Comparison between groups were performed using independent samples T-test or 

Mann-Whitney U test depending on normality and chi-square test or Fisher’s exact 

test for categorical data. Correlation was assessed using Pearson r correlation or 

Spearman’s rank correlation coefficient. Statistical tests were two-tailed and p<0.05 

was considered significant.   

Survival curves were constructed according to the Kaplan-Meier method and 

compared dichotomous groups using the presence of dysglycaemia and median 

values of MPR within the study population as cut-offs. Where more than one MACE 

occurred to a patient, the first event was taken as an endpoint. 

To identify independent predictors of MACE, separate Cox proportional hazard 

regression analyses were performed with adjustment for covariates including age, left 

ventricular ejection fraction (LVEF), T1 values, stress MBF, HbA1c and MPR.  

7.3 Results 

A total of 351 patients were recruited to take part in the study, of these 8 were 

excluded from final analysis (3 due to amyloidosis, 4 with contra-indications to 

adenosine, and 1 where we were unable to accurately analyse due to arrhythmia). 

Of the 343 patients included in final analysis, 176 were normoglycaemic (Mean HbA1c 

37±3.3) and 167 dysglycaemic, further divided into 84 pre-diabetes (mean HbA1c 

44±1.6) and 83 diabetes (mean HbA1c 57.2±18.3). 

7.3.1 Patient characteristics 
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Patient characteristics are shown in Table 1.  Patients with dysglycaemia were older 

than those with normoglycaemia and tended to have lower ejection fraction.  This 

group also had a higher proportion of symptomatic patients, defined using NYHA 

class.  Incidence of hypertension, hypercholesterolaemia and cerebrovascular 

disease were highest in the diabetes group. 

Use of diuretics increased across the groups, lowest in normoglycaemic and highest 

in diabetes.  The diabetes group were also more likely to be taking ACEi.  

7.3.2 CMR assessment 

CMR data can be seen in table 2.  LVEF was lowest in the diabetes group, and LV 

mass was higher in dysglycaemia patients compared to normoglycaemia.  No 

difference was seen in right ventricular parameters or left atrial size. The incidence of 

occult ischaemic heart disease was highest in the diabetes group with 27.7% having 

evidence of previous myocardial infarction. 

Native T1 and ECV were higher in the dysglycaemic group.  No significant difference 

was seen between pre-diabetes and diabetes groups.  Stress MBF was lower in the 

dysglycaemic group, leading to lower MPR.  No significant difference was seen in rest 

MBF (Table 3). 
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Table 7-1 - Patient characteristics 

  Dysglycaemia p values 

 
Normoglycaemia 

(176) 

Prediabetes 

(84) 

Diabetes 

(83) 

Normoglycaemia 

vs dysglycaemia 

Normoglycaemia vs 

pre-diabetes 

Pre-diabetes  

vs diabetes 

Normoglycaemia 

vs diabetes 

Age (yrs) 61 (53-70) 65 (54-72) 67 (55-73) 0.014 0.106 0.477 0.016 

Male 111 (63.1) 56 (66.7) 53 (63.9) 0.671 0.571 0.703 0.902 

BMI (kg/m2) 28.1±4.7 28.2±5.3 28.3±5.7 0.967 0.994 0.907 0.940 

NYHA I 127 (72.2) 50 (59.5) 43 (51.8) 0.006 0.120 0.557 0.004 

 II 44 (25.0) 30 (35.7) 34 (41.0)     

 III 5 (2.8) 4 (4.8) 6 (7.2)     

HbA1c 37±3.3 44.0±1.6 57.2±18.3 <0.001 <0.001 <0.001 <0.001 

SOBOE 70 (39.8) 34 (40.5) 33 (39.8) 0.948 0.914 0.925 0.998 

Orthopnoea 24 (13.6) 15 (17.9) 13 (15.7) 0.419 0.373 0.704 0.664 

Oedema 26 (14.8) 10 (11.9) 14 (16.9) 0.916 0.531 0.361 0.663 

Hypertension 72 (40.9) 35 (41.7) 48 (57.8) 0.102 0.908 0.037 0.011 

Hypercholesterolaemia 35 (19.9) 19 (22.6) 31 (37.3) 0.031 0.611 0.038 0.003 

Stroke 21 (11.9) 6 (7.1) 15 (18.1) 0.856 0.237 0.033 0.183 

Atrial fibrillation 66 (37.5) 32 (38.1) 36 (43.4) 0.541 0.926 0.488 0.367 

Antiplatelet 31 (17.6) 18 (21.4) 16 (19.3) 0.517 0.462 0.730 0.746 
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Betablocker 127 (72.2) 68 (81.0) 71 (85.5) 0.014 0.126 0.427 0.018 

Statin 58 (33.0) 38 (45.2) 47 (56.6) 0.001 0.055 0.141 <0.001 

ACEi/ARB 140 (79.5) 66 (78.6) 79 (95.2) 0.072 0.856 0.002 0.001 

MRA 34 (19.3) 19 (22.6) 28 (33.7) 0.054 0.537 0.110 0.011 

Diuretic 52 (28.5) 37 (44.0) 51 (61.4) <0.001 0.021 0.024 <0.001 

Anticoagulant 55 (31.3) 30 (35.7) 30 (36.1) 0.379 0.492 0.954 0.452 

Those with dysglycaemia were older and had worse LVEF.  The incidence of hypertension, hypercholesterolaemia and 

cerebrovascular disease were highest in the diabetes group.  This group were more likely to be taking ACEi and diuretics and had 

higher symptom scores (NYHA).  

NYHA – New York Heart association, ACEi - angiotensin converting enzyme inhibitor, ARB – angiotensin receptor blocker, MRA – 

mineralocorticoid receptor antagonist. 
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Table 7-2 - CMR Assessment 

  Dysglycaemia p values 

 
Normoglycaemia 

176 

Pre-diabetes 

84 

Diabetes 

83 

Normoglycaemia 

vs dysglycaemia 

Normoglycaemia 

vs pre-diabetes 

Pre-diabetes  

vs diabetes 

Normoglycaemia 

vs diabetes 

Volumetrics 

LVEF (%) 41.9±11.9 39.6±13.4 35.6±12.5 0.001 0.125 0.053 <0.001 

LVEDVi (ml/m2) 107.7±33.1 112.7±39.4 112.8±37 0.251 0.425 0.833 0.285 

LVMi (g/m2) 65.1±18.4 71.3±18.7 69.4±19.5 0.004 0.004 0.305 0.068 

RVEDVi (ml/m2) 75.2±19.6 78.3±23.0 77.6±24.3 0.492 0.355 0.478 0.848 

RVEF (%) 50.3±11.7 48.9±13.9 47.9±13.6 0.267 0.633 0.565 0.185 

LA (ml/m2) 78.4±35.4 84.6±42.8 77.5±36.8 0.819 0.514 0.411 0.779 

Ischaemia and scar 

Ischaemia 10 (5.7) 4 (4.8) 9 (10.8) 0.436 0.759 0.142 0.137 

Ischaemic LGE 29 (16.5) 15 (17.9) 23 (27.7) 0.143 0.781 0.129 0.035 

Ischaemic heart 

disease 
30 (17.0) 17 (20.2) 26 (31.3) 0.049 0.532 0.101 0.009 

Non LGE 52 (29.5) 27 (32.1) 28 (33.7) 0.498 0.670 0.827 0.496 

LVEF was lower in the dysglycaemic group while LVMi was higher.  The incidence of ischaemic heart disease was highest in the 

diabetes group. 

LVEF – left ventricular ejection fraction, LVEDVi – indexed left ventricular end diastolic volume, LVMi – indexed left ventricular 

mass, RVEDVi – indexed right ventricular end diastolic volume, RVEF – right ventricular ejection fraction, LA – left atrium. LGE – 

late gadolinium enhancement 
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Table 7-3 - CMR Parametric mapping 

  Dysglycaemia p values 

 
Normoglycaemia 

176 

Pre-diabetes 

84 

Diabetes 

83 

Normoglycaemia 

vs dysglycaemia 

Normoglycaemia 

vs pre-diabetes 

Pre-diabetes  

vs diabetes 

Normoglycaemia 

vs diabetes 

T1 (ms) 1316.5±39.6 1331.0±39.9 1335.1±45.2 <0.001 0.006 0.532 0.001 

ECV (%) 25.1±3.1 25.7±2.88 25.8±2.88 0.049 0.166 0.720 0.077 

Stress 

MBF 

(ml/g/min) 

1.93±0.62 1.59±0.54 1.53±0.52 0.000 0.003 0.466 <0.001 

Rest MBF 

(ml/g/min) 
0.73±0.20 0.69±0.19 0.70±0.26 0.130 0.130 0.771 0.312 

MPR 2.61±0.90 2.41±0.88 2.37±0.85 0.020 0.089 0.758 0.040 

Native T1 and ECV were higher in the dysglycaemic group.  Stress MBF and MPR were lower in this group. 

ECV – extracellular volume, MBF – myocardial blood flow, MPR – myocardial perfusion reserve. 
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7.3.3 Outcomes 

MACE data were available over a median period of 623 days, (IQR 511-777).  During 

this time, there were a total of 35 MACE occurring in 30 patients, including 23 

hospitalisations due to HF (6.7%), 4 strokes (1.1%), 7 cardiovascular deaths (2.0%) 

and 1 (0.3%) coronary revascularisation in ACS.  Median time to first MACE was 287 

days (IQR 55-419). Individual events were similar in the normoglycaemia and 

dysglycaemia groups, the most common was hospital admission secondary to heart 

failure incidence (Table 4). 

Table 7-4 - MACE events by glycaemic status 

MACE Event 
Normoglycaemia 

176 

Dysglycaemia 

167 

Pre-diabetes  

84 

Diabetes 

83 

HF admission 11 (6.3%) 12 (7.2%) 2 (2.4%) 10 (12%) 

CV Death 1 (0.6%) 1 (0.6%) 1 (1.2%) 0 

Stroke 2 (1.1%) 2 (1.2%) 1 (1.2%) 1 (1.2%) 

ACS 1 (0.6%) 0 0 0 

The main cause of MACE was hospital admission secondary to heart failure, with 

highest incidence seen in the diabetes group. 

MACE – major adverse cardiovascular event, HF – heart failure, CV – cardiovascular, 

ACS – acute coronary syndrome 

 

Patients with MACE were older (67.2 ±10.5yrs vs 61.8 ±12.4yrs, p=0.020) and had 

worse LVEF (33.0 ±15.1% vs 40.4 ±12.2%, p=0.014) than those without a MACE 

(Table 5). They had higher native T1 (1350 ±45ms vs 1322 ±41ms, p=0.001), ECV 

(27.0 ±3.2% vs 25.3 ±3.0%, p=0.004) and rest MBF (0.82 ±0.30ml/g/min vs 0.70 

±0.20ml/g/min, p=0.037) and lower MPR (2.08±0.76 vs 2.54±0.89, p=0.006). 
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Table 7-5 - Patient characteristics by presence of MACE 

 No MACE  

313 

MACE  

30 
p 

Age (yrs) 61.8±12.4 67.2±10.5 0.020 

Male 203 17 0.372 

BMI (kg/m2) 28.2±5.1 27.6±5.3 0.518 

HbA1c (mmol/mol) 43.1±10.6 49.6±23.6 0.150 

Hypertension 139 16 0.348 

Hypercholesterolaemia 78 7 0.848 

Stroke 35 7 0.052 

Atrial fibrillation 123 11 0.778 

LVEF (%) 40.4±12.2 33.0±15.1 0.014 

LVEDVi (ml/m2) 109±34.6 122±44.3 0.059 

LVMi (g/m2) 67.3±18.7 71.1±20.4 0.295 

RVEDVi (ml/m2) 76.1±20.4 80.5±32.5 0.470 

RVEF (%) 50.0±12.1 43.2±17.2 0.046 

TI (ms) 1322±41 1350±45 0.001 

ECV (%) 25.3±3.0 27.0±3.2 0.004 

Stress MBF (ml/g/min) 1.71±0.59 1.59±0.55 0.280 

Rest MBF (ml/g/min) 0.70±0.20 0.82±0.30 0.037 

MPR 2.54±0.89 2.08±0.76 0.006 

Those with MACE were older and had worse LVEF.  The MACE group also had 

higher T1 and ECV and lower MPR. 
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The incidence of MACE did not differ significantly between the normoglycaemic 

groups and dysglycaemic groups when examined by presence of fibrosis, scar or 

ischaemia (Table 6). There was a higher incidence of MACE in the IHD group 

compared to those with non-ischaemic LGE or no LGE in both the normoglycaemic 

and dysglycaemic groups. This was only significant in the normoglycaemic group (IHD 

20% vs NI LGE 8% vs other 5%, p=0.03).  

Table 7-6 - MACE events and CMR findings 

 
Normoglycaemia  

(176) 

Dysglycaemia  

(167) 

p 

 
MACE 

(15) 

No MACE 

(161) 

MACE 

(15) 

No MACE 

(152) 

 

Ischaemia 2 (20%) 8 (80%) 3 (23%) 10 (77%) 0.859 

Ischaemic LGE 6 (21%) 23 (79%) 6 (16%) 32 (84%) 0.604 

IHD 6 (20%) 24 (80%) 6 (14%) 37 (86%) 0.534 

NI LGE 4 (8%) 48 (92%) 3 (5%) 52 (95%) 0.711 

Other (no LGE or IHD) 5 (5%) 93 (95%) 6 (8%) 68 (92%) 0.533 

No difference was seen between MACE in normoglycaemic and dysglycaemic groups 

divided by the presence of ischaemia, scar or fibrosis. 

MACE – major adverse cardiovascular event, LGE – late gadolinium enhancement, 

IHD – ischaemic heart disease, NI – non-ischaemic. 

 

Individual hazard ratios are shown in Figure 1.  In both normoglycaemia and 

dysglycaemia, decreased LVEF and increased native T1 were both associated with 

increased risk of MACE. IHD was associated with an increased HR in 

normoglycaemia, decrease in MPR was associated with increased HR in 

dysglycaemia. 
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Figure 7-1 Univariate Cox regression analysis 

Univariate Cox regression analysis of association with MACE. In both groups, worsening LVEF and increased native T1 were 

associated with increased risk.  Worsening MPR and increased HbA1c were a predictor of poor outcomes in the dysglycaemic 

group 
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In multivariate Cox regression, corrected for age, LVEF, RVEF and HbA1c, MPR 

remained a predictor of MACE. (Table 7) 

Table 7-7 - Multivariate Cox regression 

Predictor Hazard Ratio 95% CI p 

Corrected for age, LVEF, RVEF and HbA1c 

T1 1.008 0.999-1.017 0.080 

ECV 1.114 0.970-1.280 0.127 

MPR 0.553 0.318-0.962 0.036 

Reduced MPR was associated with increased risk of MACE. 

ECV – extracellular volume, MPR – myocardial perfusion reserve, CI confidence 

interval, LVEF – left ventricular ejection fraction, RVEF – right ventricular ejection 

fraction. 

 

Kaplan Meier event free survival curves for the presence of IHD, and reduced MPR 

are shown in Figure 2 and Figure 3.   In the dysglycaemic group lower MPR was 

associated with worse prognosis, p=0.005. In contrast, in the normoglycaemic group, 

the presence of IHD was associated with poorer outcomes, p=0.012, this effect was 

not seen in dysglycaemia.
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Figure 7-2 Kaplan Meier Survival curves by MPR 

Lower MPR was associated with worse outcomes in dysglycaemia, with no significant difference seen in normoglycaemia. 

MPR – myocardial perfusion reserve.  MPR categories were divided by median MPR across the cohort (2.43). 
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Figure 7-3 Kaplan Meier survival curves by IHD 

The presence of IHD was associated with worse outcomes in normoglycaemia, with no significant difference seen in dysglycaemia. 

IHD – ischaemic heart disease – defined as the presence of ischaemic scar or inducible ischaemia on CMR imaging. 



135 
 

7.4 Discussion 

In this prospective study of 343 patients with newly diagnosed heart failure, we 

have reported that dysglycaemic patients have impaired myocardial microvascular 

function compared to normoglycaemic patients. Furthermore, impairment of 

microvascular function is associated with increased MACE only in dysglycaemic 

patients but not in those with normoglycaemia. The association between 

microvascular function and MACE is still seen after correction for baseline factors 

of age, LVEF and RVEF.  

The prevalence of silent ischaemic heart disease was higher in dysglycaemic 

patients compared to normoglycaemic patients but was not associated with MACE.  

7.4.1 Diabetes and Heart failure 

Diabetic cardiomyopathy has been described for almost five decades, noting the 

occurrence of heart failure unrelated to coronary artery disease in patients with 

diabetes(88).  Patients with diabetes have been demonstrated to have an 

increased incidence of heart failure(89–91), and to have worse outcomes from 

heart failure(92). 

Recent data report the prevalence of diabetes as 7.1% in the general population in 

England (8.5% including those undiagnosed) and 17.5% in the over 65s(253).  

Within our population with a median age of 63, 83 (24%) had diabetes, with a 

further 84 (24%) having pre-diabetes. 

Within our cohort, those with dysglycaemia were older with worse systolic 

impairment and were more symptomatic than the normoglycaemia group.  

Those with diabetes had a higher prevalence of hypertension and 

hypercholesterolaemia than those in either the normoglycaemic group or the pre-

diabetes group.  They were more likely to be treated with statins than those with 

normoglycaemia.  Studies in Denmark have shown that those with DM and no 

significant coronary artery disease were more likely to be taking preventative 

medication(73), potentially ameliorating the risk of developing CAD, they 

demonstrated no significant difference in risk of cardiovascular events between 

those with and without diabetes in this population.  There was no difference in 

antiplatelet use between the groups, which may reflect the fact that aspirin is no 

longer recommended for primary prevention without a significant risk of 
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cardiovascular disease(254). The increased use of ACEi and diuretics across the 

groups matches the worsening LVEF and symptoms seen and is likely to be 

clinically guided. 

7.4.2 Diffuse fibrosis 

The exact mechanisms of diabetic cardiomyopathy are uncertain, but a 

progression from intracellular abnormalities followed by an asymptomatic increase 

in LV mass then myocardial fibrosis and subsequent diastolic impairment before 

the development of myocardial systolic dysfunction has been described(255).  

Imaging markers of strain and subsequent diastolic dysfunction have been used in 

echocardiography to detect these early changes(256,257). Increased mass and 

diastolic dysfunction has also been demonstrated in large CMR 

studies(113,115,116), within our cohort we similarly showed increased LV mass in 

the dysglycaemic group.   

CMR studies have demonstrated higher T1 and ECV in diabetes(117–119), and 

shown association with poorer outcomes(120).  Change in native T1 is another 

early marker of changes associated with diabetic heart disease, it has been seen 

to be raised in patients with diabetes and normal LVEF and has been shown to be 

associated with global longitudinal strain(117) and diastolic function(118). 

Within our cohort we have seen increased native T1 values within the 

dysglycaemic group compared to normoglycemic, with no significant difference 

between pre-diabetes and diabetes.  These findings fit with previous studies, but 

also indicate that changes within the myocardium may occur very early on in the 

disease process, within the pre-diabetic phase. 

7.4.3 Ischaemic heart disease 

There is an increased incidence of CAD in DM(71,72), including a known risk of 

silent ischaemia and infarction.  Previous studies have shown incidences of silent 

MI between 17 and 28% in patients with diabetes and no known previous MI or 

CAD(81,85,86), while one study also examined patients with impaired fasting 

glucose and found an incidence of silent MI of 16%(86), suggesting that there is 

also risk in pre-diabetes.  Within our cohort we found a similar incidence, with 

23(27.7%) patients having evidence of silent myocardial infarction, compared to 29 

(16.5%) in the normoglycaemic group. The higher prevalence in diabetes is in part 

due to diabetic neuropathy(258) although the presence in pre-diabetes, when 
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neuropathy is unlikely to be present, suggest additional mechanisms. The high 

incidence demonstrates the importance of diagnostic tests in this patient group to 

assess for CAD so that appropriate secondary prevention can be prescribed. 

The presence of silent infarction has been shown to be equivalent in outcomes to 

known ischaemic heart disease(87). Within our study, although ischaemic heart 

disease was associated with increased chance of MACE in the normoglycaemic 

group, it was not significant in those with dysglycaemia.  This may in part relate to 

the small numbers of ischaemic events seen during follow-up – with only 2 

incidences of cardiovascular death and one of acute coronary syndrome, across 

the entire cohort. 

In ICELAND MI, a study of  936 participants, worse outcomes were seen in those 

with MI, and no mortality difference between those with known MI compared to 

silent MI(87). Those with recognised MI were on more cardiac medications than 

those with unrecognised MI.   As previously commented on, rates of statin and 

ACEi use were higher in the dysglycaemic group in our study, so may have been 

acting as secondary prevention in these patients, beyond the original reasons for 

treatment.  

7.4.4 HbA1c 

Within our cohort we saw no difference in incidence of MACE events between the 

normoglycaemic and dysglycaemic groups. Within the dysglycaemic group the 

main predictors of outcome were HbA1c and MPR. 

In diabetes, higher HbA1c is associated with worse outcomes and higher co-

morbidities, reflecting the poorer control of blood sugars and therefore increased 

risk of complications including microvascular dysfunction and cardiovascular 

disease(97,259–261).  In diabetic cardiomyopathy, higher HbA1c has been shown 

to be associated with worse outcomes, although this has not been a linear pattern 

with poor outcomes in those with low HbA1c seen as well(262,263), other studies 

have suggested variability in HbA1c is a factor in predicting poor outcomes(264).  

While recent studies with newer diabetic medications such as SGLT2 inhibitors 

have shown promise in improving HF outcomes, the effects demonstrated have 

not been due to the improved glycaemic control(265) and other studies have 

shown no improvement in HF outcomes with better glycaemic control(100). 

Although small, the HR in our study, and changes seen early in the pre-diabetes 

group illustrate the potential importance of blood sugar control from initial 
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detection, in order to try and prevent complications due to poor control which may 

become irreversible. 

7.4.5 Perfusion 

MPR reflects microvascular dysfunction and is the strongest marker for 

cardiovascular events within our study.  There is limited data available on the 

presence of impaired perfusion reserve in diabetic cardiomyopathy.  Studies have 

shown reduced perfusion reserve in patients with diabetes and no known heart 

failure(134). Recent CMR studies have demonstrated an association between  

perfusion reserve and diastolic function and impaired strain rates in asymptomatic 

patients(132,133,135), but no association with systolic function in the same 

group(135) suggesting that this may play an early role in the development of 

cardiomyopathy. 

Abnormal perfusion has been demonstrated in other non-ischaemic 

cardiomyopathies including dilated cardiomyopathy(125), valvular heart 

disease(124), amyloid(59) and Fabry’s(56), usually associated with poorer 

outcomes . It has been suggested that microvascular dysfunction, resulting in low 

grade, chronic hypoperfusion plays a part in the development of DCM(125) and 

similar mechanisms may be present in diabetic heart disease. 

We demonstrated reduced MPR in the dysglycaemic group compared to the 

normoglycaemic group with no difference was seen in either parameter between 

pre-diabetes and diabetes, supporting the early role of this change.  In contrast to 

normoglycaemia, reduced MPR was associated with worse prognosis in 

dysglycaemia, suggesting microvascular dysfunction may be a key component of 

the worse prognosis in diabetic heart failure, and a potential target for modification. 

7.4.6 Limitations 

Patients recruited to this study were referred for CMR as part of routine clinical 

practice, therefore some elements of referral bias may have affected the make-up 

of our patient group, potentially excluding more frail patients who would not be felt 

able to undergo the test. The majority of our patients had few symptoms and were 

classed as NYHA I which may reflect the fact that they had already been started 

on treatment prior to their scan.  Patients were asked to abstain from caffeine for 

24hrs prior to the scan, but this was not tested, and previous studies have shown 

that a proportion may have residual caffeine, influencing adenosine affects.  
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7.4.7 Conclusions 

In a prospective study of newly diagnosed patients with heart failure we have 

shown a high prevalence of diabetes and pre-diabetes.  Myocardial tissue 

characteristics showed increased fibrosis and impaired perfusion compared to 

normoglycaemic patients, demonstrating changes early in the disease process, 

occurring before a clinical diagnosis of diabetes.  Myocardial perfusion reserve 

was an independent marker of adverse cardiac events in these patients, with MPR 

in the presence of dysglycaemia being the strongest predictor of adverse 

outcomes and potentially providing an early mechanism in the development of 

myocardial dysfunction and a treatment target to improve outcomes. 
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Chapter 8  

Final Discussion  

CMR can provide accurate quantification of subclinical cardiac change in both 

health and disease and has been used to detect early fibrosis across a spectrum 

of cardiac disease.  The detection of early change has potential for use as 

diagnostic and prognostic markers, initially in research, but ultimately in clinical 

practice.  With quantitative perfusion CMR now able to be fully integrated into a 

standard scan, another important parameter is available to provide additional 

insights into disease pathways and prognosis.  

In this thesis we have used quantitative myocardial perfusion to establish 

repeatability of this technique and normal values within the healthy population. We 

have applied these techniques to a range of subjects including patients with 

coronary artery disease, heart failure and diabetes.  

8.1 Conclusions 

The main findings were:  

8.1.1 Repeatability of quantitative perfusion CMR 

i. Inline quantitative perfusion CMR offers similar levels of repeatability to 

those seen in PET, the current reference method 

ii. Repeatability was better in stress compared to rest, likely due to the 

presence of hyperaemia removing some physiological variation seen in rest 

MBF 

iii. MPR had a worse repeatability than stress MBF, suggesting stress MBF 

may be the preferrable method for assessing ischaemia 

8.1.2 Normal values in the healthy population 

i. Normal values of MBF at stress and rest differed between sexes 

ii. Females had higher MBF at stress and at rest, in part due to higher resting 

heart rates. No difference was seen in MPR between sexes 

iii. Stress MBF and MPR declined with increasing age 

8.1.3 Adenosine stress CMR 
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i. In healthy volunteers, no difference was seen in stress MBF when 

adenosine dose or length of administration were increased 

ii. In patients with moderate to severe left ventricular dysfunction, stress MBF 

was significantly higher with higher dose adenosine 

iii. Higher dose adenosine did not result in higher stress MBF in patients with 

mild left ventricular dysfunction or coronary artery disease 

iv. Increased dose adenosine may be helpful in patients with heart failure, 

particularly when looking for underlying coronary artery disease 

8.1.4 Heart failure defined by ejection fraction 

i. Occult ischaemic heart disease was present in a high proportion of patients 

with significantly impaired systolic function 

ii. The presence of non-ischaemic scar did not vary between groups, but 

markers of diffuse fibrosis and increased interstitial volume (T1 and ECV) 

were highest in severe systolic impairment and had a linear relationship to 

ejection fraction  

iii. Stress MBF and MPR declined with ejection fraction, suggesting a 

microvascular component in more severe disease 

iv. The association of worsening fibrosis and perfusion with decline in ejection 

fraction suggests potential targets for treatment, or markers for poor 

prognosis 

8.1.5 Heart failure and dysglycaemia 

i. The incidence of dysglycaemia was high within the heart failure population 

(49% in our cohort) 

ii. In presumed non-ischaemic heart failure, there was still a large proportion 

of patients with silent ischaemic heart disease (21%) 

iii. Patients with dysglycaemia had higher levels of diffuse fibrosis (T1) and 

lower stress MBF and MPR 

iv. Within the dysglycaemic cohort, no difference was seen in tissue 

characteristics between those with diabetes and pre-diabetes indicating that 

these changes occur early in the disease process. 
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v. Reduced MPR was a prognostic marker in diabetes and heart failure, 

independent of age, ventricular function and HbA1c 

vi. The worse prognosis in diabetic heart failure may be associated with 

microvascular dysfunction, providing a prognostic marker and potential 

treatment target 

8.2 Future directions 

We have demonstrated the utility of quantitative perfusion CMR in tissue 

characterisation in impaired ventricular function.  Identifying early changes in heart 

failure and diabetes suggests that microvascular dysfunction plays a role in the 

development of diabetic cardiomyopathy and may account for some of the 

associated worse prognosis.  Worse diabetic control (higher HbA1c) has been 

shown to be associated with increased microvascular complications in other 

organs(266), but has not reliably been seen to be associated with worse outcomes 

in diabetic cardiomyopathy(262,263). Similarly, better control of HbA1c has not 

resulted in better outcomes, and recent trials of SGLT2 inhibitors, the beneficial 

outcomes seen in heart failure have been independent of diabetes control(102).  

Quantitative perfusion provides the ability to quantify the extent of microvascular 

dysfunction and use this as a marker or endpoint in future studies, both to assess 

the effect of novel diabetes treatments on cardiac microvascular dysfunction, and 

then to evaluate whether modification may result in improved outcomes. 

8.2.1 Further studies 

Further studies within diabetes and heart failure are required to build on these 

results and explore the aetiologies and mechanism of diabetic heart disease and 

its prognosis.   Future studies could assess the impact of medications known to 

improve outcomes in diabetes and heart failure, such SGLT2i (102,267,268) where 

assessment of subclinical changes in myocardium may  inform on the, as yet 

unknown, mechanisms by which this effect is achieved.   

In addition, given the influence of microvascular dysfunction on outcomes in these 

patients, targeted studies of the effect of agents such as ACE inhibitors or ARBs 

which have been shown to reverse some microvascular dysfunction in 

hypertension(269–272) may be helpful, with quantitative perfusion CMR able to 

measure the effect of treatment on microvascular dysfunction. 
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Within heart failure, our results showing improved stress perfusion with higher 

dose adenosine require further investigation for their potential impact on clinical 

practice.  A larger study of patients with impaired LV function and coronary artery 

disease could show the impact of higher adenosine dosing on diagnosis of 

significant ischaemia, and whether an increased dose increased the positive 

diagnosis rate in this group and should be used in routine practice.
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