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UNIVERSITY OF SOUTHAMPTON 

 
ABSTRACT 

FACULTY OF MEDICINE, HEALTH AND LIFE SCIENCES; SCHOOL OF MEDICINE 

 
DM thesis 

 
IMPROVING THE APPLICATION OF IMPLANTABLE CARDIOVERTER 

DEFIBRILLATOR THERAPY: AN EVALUATION OF NEW APPROACHES TO PATIENT 

SELECTION 

By Paul A Scott 

 
ICD therapy effectively prevents SCD in high risk patients. However there are problems with its 

current application. Key amongst these relate to the epidemiology of ICD utilisation and 

selection of patients for ICD therapy. The aims of this thesis were to examine the requirements 

for ICD therapy in England and Wales, as well as the impact of clinical setting on ICD 

prescription rates, and evaluate the potential use of serum/plasma biomarkers (including 

proteomic markers) and scar quantification by LGE-CMR, to select patients for ICD therapy. 

 
  Several methodologies were employed, each tailored to address specific aims: (i) single centre 

retrospective analyses were performed to estimate the requirement for prophylactic post-MI 

ICD therapy and the effect of clinical setting on ICD prescription rates; (ii) meta-analytical 

techniques were used to assess the value of an individual biomarker (BNP) to predict SCD or 

appropriate ICD therapy in published studies; (iii) a prospective study evaluating the ability of 

serum proteomic biomarkers, as well as 5 individual cardiovascular biomarkers, to predict 

prognosis in ICD recipients was performed; (iv) the association between the extent of LV scar 

and appropriate ICD therapy was retrospectively evaluated in a single centre study of patients 

who had undergone LGE-CMR prior to ICD implantation. 

 
  My results suggest that ICD therapy is significantly underused in England and Wales, and this 

underuse may be greatest in areas served by a DGH. The meta-analysis and prospective study 

demonstrated that biomarkers can predict the occurrence of SCD, appropriate ICD therapy, and 

identify patients with little potential to gain significant benefit from ICD therapy. I also found 

that the extent of myocardial scar, quantified by LGE-CMR, is strongly associated with the 

occurrence of spontaneous ventricular arrhythmias. 

 
  Both serum/plasma biomarkers and scar quantification by LGE-CMR may be valuable risk 

stratification tools to guide ICD use. However, their incremental benefit in addition to currently 

available risk prediction models remains unclear, and further work is needed. 



   

 ii  

 



   

 iii  

Contents 

 

1. INTRODUCTION .................................................................................................................1 

1.1. Heart Failure And Asymptomatic Left Ventricular Dysfunction ...................................1 

1.1.1. Definition, Epidemiology and Aetiology ...............................................................1 

1.1.2. Prognosis ................................................................................................................2 

1.1.3. Mode of Death .......................................................................................................2 

1.2. Sudden Cardiac Death ....................................................................................................4 

1.2.1. Definition and Incidence ........................................................................................4 

1.2.2. Population Subgroups at Risk of SCD ...................................................................4 

1.2.3. Mechanisms of SCD ..............................................................................................5 

1.3. Implantable Cardioverter Defibrillators .........................................................................7 

1.3.1. The Technology .....................................................................................................7 

1.3.2. Randomised Trials of ICD Therapy .......................................................................9 

1.3.3. The Epidemiology of ICD Utilisation ....................................................................9 

1.4. Selection Of Patients For ICD Therapy .......................................................................15 

1.4.1. SCD Risk Stratification ........................................................................................15 

1.4.2. Current SCD Risk Stratification Tools ................................................................15 

1.4.2.1. Left Ventricular Ejection Fraction ...............................................................15 

1.4.2.2. Ambulatory Monitoring ...............................................................................16 

1.4.2.3. Electrophysiological Studies (EPS) .............................................................16 

1.4.2.4. QRS Width ...................................................................................................16 

1.4.2.5. Microvolt T-wave Alternans (MTWA) ........................................................16 

1.4.2.6. Other Tests ...................................................................................................17 

1.4.3. Guidelines for the Selection of Patients for ICD therapy.....................................17 

1.4.4. Limitations of LVEF-based Strategies .................................................................20 

1.4.5. Which Low LVEF Patients Do Not Benefit from ICD Therapy? ........................23 

1.4.6. Identifying Patients with Little Potential to Benefit ............................................26 

1.5. Biomarkers And Prognosis In Patients With Low LVEF ............................................30 

1.5.1. Biomarkers and All-Cause Mortality in Low LVEF Patients ..............................30 

1.5.1.1. Inflammation ................................................................................................30 

1.5.1.2. Oxidative Stress ...........................................................................................31 

1.5.1.3. Extracellular-Matrix Remodelling ...............................................................31 

1.5.1.4. Neurohormones ............................................................................................31 

1.5.1.5. Myocyte Injury .............................................................................................31 

1.5.1.6. Myocyte Stress .............................................................................................32 



   

 iv  

1.5.1.7. New Biomarkers .......................................................................................... 33 

1.5.2. Biomarkers and SCD ........................................................................................... 33 

1.5.2.1. Patients with Heart Failure or Asymptomatic LVSD. ................................. 34 

1.5.2.2. Post-Myocardial Infarction Patients ............................................................ 34 

1.5.2.3. Apparently Healthy People .......................................................................... 34 

1.5.3. Biomarkers and Ventricular Arrhythmias in ICD Recipients .............................. 37 

1.6. Biomarker Discovery Using A Proteomic Approach .................................................. 40 

1.6.1. Overview ............................................................................................................. 40 

1.6.2. Biomarker Discovery Using SELDI-TOF MS .................................................... 40 

1.6.3. Proteomic Biomarker Discovery In Cardiovascular Disease .............................. 44 

1.7. Scar Assessment By LGE-CMR .................................................................................. 46 

1.7.1. Overview ............................................................................................................. 46 

1.7.2. LGE-CMR to Predict Outcomes in Patients with Low LVEF ............................. 46 

1.8. Key Areas Of Uncertainty ........................................................................................... 49 

1.8.1. The Epidemiology of ICD Use ............................................................................ 49 

1.8.2. SCD risk Stratification and Patient Selection for ICD Therapy .......................... 49 

1.9. Aims ............................................................................................................................ 51 

1.10. Hypotheses .................................................................................................................. 52 

2. GENERAL METHODS ...................................................................................................... 53 

2.1. Approach ..................................................................................................................... 53 

2.2. Ethical Considerations ................................................................................................. 53 

2.3. Subject Recruitment .................................................................................................... 54 

2.4. Setting .......................................................................................................................... 54 

2.5. General Statistics ......................................................................................................... 55 

3. NEED FOR ICD THERAPY .............................................................................................. 57 

3.1. Introduction ................................................................................................................. 57 

3.2. Methods ....................................................................................................................... 57 

3.3. Results ......................................................................................................................... 58 

3.4. Discussion .................................................................................................................... 62 

3.4.1. Limitations ........................................................................................................... 63 

3.5. Conclusions ................................................................................................................. 64 

4. CLINICAL SETTING ......................................................................................................... 65 

4.1. Introduction ................................................................................................................. 65 

4.2. Methods ....................................................................................................................... 65 

4.3. Results ......................................................................................................................... 66 

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

4.4.1. Limitations ........................................................................................................... 71 



   

 v  

4.5. Conclusions ..................................................................................................................72 

5. BRAIN NATRIURETIC PEPTIDE .....................................................................................73 

5.1. Introduction ..................................................................................................................73 

5.2. Methods........................................................................................................................73 

5.2.1. Search Strategies ..................................................................................................73 

5.2.2. Types Of Study ....................................................................................................73 

5.2.3. Data Extraction ....................................................................................................74 

5.2.4. Statistics ...............................................................................................................74 

5.3. Results ..........................................................................................................................75 

5.3.1. BNP to Predict SCD in Patients without ICDs ....................................................75 

5.3.2. BNP to Predict VA in Patients with ICDs ...........................................................81 

5.3.3. Comparison of BNP With Other Prognostic Markers ..........................................84 

5.4. Discussion ....................................................................................................................84 

5.4.1. Limitations ...........................................................................................................86 

5.5. Conclusions ..................................................................................................................87 

6. BIOMARKERS AND ICD THERAPY ..............................................................................89 

6.1. Introduction ..................................................................................................................89 

6.2. Methods........................................................................................................................89 

6.2.1. Study Population ..................................................................................................89 

6.2.2. Study End Points and Follow Up .........................................................................90 

6.2.3. Biomarker analysis ...............................................................................................90 

6.2.4. Statistics ...............................................................................................................91 

6.3. Results ..........................................................................................................................92 

6.3.1. Patient Characteristics and Clinical Outcomes ....................................................92 

6.3.2. Serum Biomarkers................................................................................................93 

6.3.3. Predictors of All-Cause Mortality ........................................................................93 

6.3.4. Predictors of Event-Free Survival ........................................................................93 

6.3.5. Predictors of Survival with Appropriate ICD Therapy ........................................94 

6.3.6. Combining Biomarkers to Identify Patients Unlikely to Benefit .........................94 

6.4. Discussion ..................................................................................................................103 

6.4.1. Limitations .........................................................................................................105 

6.5. Conclusions ................................................................................................................107 

7. PROTEOMIC PROFILING ...............................................................................................109 

7.1. Introduction ................................................................................................................109 

7.2. Methods......................................................................................................................110 

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

7.2.2. Study End Points and Follow-Up .......................................................................111 



   

 vi  

7.2.3. NT-proBNP Analysis ........................................................................................ 111 

7.2.4. SELDI-TOF MS Analysis ................................................................................. 111 

7.2.5. Statistics ............................................................................................................. 113 

7.3. Results ....................................................................................................................... 114 

7.3.1. Patient Characteristics ....................................................................................... 114 

7.3.2. Proteomic Biomarkers Associated With SHF ................................................... 114 

7.3.3. Relationship of Proteomic Biomarkers To Outcomes ....................................... 115 

7.3.4. Survival Analysis and Proteomic Biomarkers ................................................... 115 

7.4. Discussion .................................................................................................................. 124 

7.4.1. Limitations ......................................................................................................... 126 

7.5. Conclusions ............................................................................................................... 126 

8. LEFT VENTRICULAR SCAR TISSUE .......................................................................... 127 

8.1. Introduction ............................................................................................................... 127 

8.2. Methods ..................................................................................................................... 127 

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

8.2.2. Definition of CAD ............................................................................................. 127 

8.2.3. ICD Details ........................................................................................................ 127 

8.2.4. CMR Data Acquisition ...................................................................................... 128 

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

8.2.6. Study Follow-up and End-point ........................................................................ 129 

8.2.7. Statistics ............................................................................................................. 129 

8.3. Results ....................................................................................................................... 132 

8.3.1. Patient Characteristics ....................................................................................... 132 

8.3.2. Assessment of Ischaemic Burden ...................................................................... 132 

8.3.3. Clinical Outcomes ............................................................................................. 132 

8.3.4. MRI Variables ................................................................................................... 133 

8.3.5. Relationship of Scar Indices to Outcomes ......................................................... 133 

8.3.6. Relationship of Scar Indices to Ventricular Arrhythmia Burden ...................... 133 

8.3.7. MRI scar and Kaplan-Meier Analysis ............................................................... 134 

8.4. Discussion .................................................................................................................. 138 

8.4.1. Limitations ......................................................................................................... 140 

8.5. Conclusions ............................................................................................................... 141 

9. SUMMARY DISCUSSION .............................................................................................. 143 

9.1. Summary Of Key Findings ........................................................................................ 143 

9.1.1. The Epidemiology of ICD Use .......................................................................... 143 

9.1.2. The Role of Biomarkers To Guide the Use of ICD Therapy ............................. 144 

9.1.3. The Role of LGE-CMR In Patient Selection ..................................................... 145 



   

 vii  

9.2. Unresolved Questions And Future Research Recommendations ...............................146 

9.2.1. The Epidemiology of ICD Use ..........................................................................146 

9.2.2. The Role of Biomarkers To Guide the use of ICD Therapy ..............................146 

9.2.3. The Role of LGE-CMR In Selection of Patients for ICD Therapy ....................147 

9.3. Limitations .................................................................................................................148 

9.4. Conclusions ................................................................................................................149 

10. APPENDIX: DISSEMINATION OF FINDINGS .........................................................151 

10.1. Publications ................................................................................................................151 

10.2. Presentations ..............................................................................................................151 

11. REFERENCES ..............................................................................................................153 

 

 



   

 viii  



   

 ix  

List Of Figures 

 

Figure 1-1 Normal Functioning Of An ICD ..................................................................................8 

Figure 1-2 ICD Implant Rates In Europe .....................................................................................13 

Figure 1-3 Map Of ICD Implants In England And Wales ...........................................................14 

Figure 1-4 Outcomes In RCTs Of ICD Therapy ..........................................................................22 

Figure 1-5 Mode Of Death In Heart Failure By SHFM Score .....................................................25 

Figure 1-6 Effect Of Pre-Implantation Mortality Risk In MADIT II ..........................................28 

Figure 1-7 Effect Of Pre-Implantation Mortality Risk In SCD-HeFT .........................................29 

Figure 1-8 Example Of A SELDI-TOF Mass Spectrum ..............................................................43 

Figure 1-9 LGE-CMR Image Of Left Ventricular Scar ...............................................................48 

Figure 3-1 Algorithm For Calculating ICD Indications ...............................................................61 

Figure 5-1 Summary Of The Relative Risk Of SCD In Patients With An Elevated BNP ...........79 

Figure 5-2 Summary Of Likelihood Ratios Of An Elevated BNP To Predict SCD ....................80 

Figure 5-3 Summary Of The Relative Risk Of An Elevated BNP To Predict The Occurrence Of 

VA In Patients With ICDs ...........................................................................................................82 

Figure 5-4 Summary Likelihood Ratios Of An Elevated BNP To Predict The Occurrence Of VA 

In Patients With ICDs ..................................................................................................................83 

Figure 6-1 Baseline Concentrations Of NT-ProBNP And sST2 ................................................101 

Figure 6-2 Kaplan–Meier Survival Curve Analysis...................................................................102 

Figure 7-1 Relationship Between Clinical Status And Biomarker Peak Intensity For Biomarkers 

(A) m/z 11834 , (B) m/z 14766 and (C) m/z 5351 ......................................................................121 

Figure 7-2  Increased Expression Of Peak M/Z 11834 In Patients With ICDs That Died 

Compared To Those That Survived ...........................................................................................122 

Figure 7-3 Kaplan–Meier Survival Curve Analysis For All-Cause Mortality In ICD Patients .123 

Figure 8-1 Scar Analysis In A Patient With A Previous MI ......................................................131 

Figure 8-2 Kaplan–Meier Survival Curves For The Occurrence Of Appropriate ICD Therapy

 ...................................................................................................................................................137 

  



   

 x  



   

 xi  

List Of Tables 
 

Table 1-1 International recommendations concerning the use of ICD therapy for the primary 

prevention of SCD in patients with coronary artery disease and NICM ......................................... 18 

Table 1-2  NICE guidance on the use of ICD therapy for primary prevention following 

myocardial infarction .............................................................................................................................. 19 

Table 1-3 Biomarkers Associated With The Occurrence Of SCD In Different Settings .............. 36 

Table 1-4 Biomarkers Associated With The Occurrence Of Appropriate ICD Therapy .............. 39 

Table 3-1 Assumptions Used To Calculate The Incidence Of Primary Prevention ICD 

Indications In Post-MI Patients ............................................................................................................. 58 

Table 3-2 Details Of 49 Patients With “Moderate-Severe” And “Severe” LV Dysfunction In 

The Cohort................................................................................................................................................ 60 

Table 4-1 Characteristics Of 381 Patients Included In The Analysis .............................................. 68 

Table 4-2 ICD Yearly Implant Rates By Hospital Type.................................................................... 69 

Table 5-1 Studies Evaluating BNP To Predict SCD In Patients Without ICDs ............................. 77 

Table 5-2 Studies Evaluating BNP To Predict Ventricular Arrhythmias In Patients With ICDs 78 

Table 5-3 Summary Estimates Of Likelihood Ratios And Relative Risks In 14 Studies Of BNP 

To Predict SCD Or VA........................................................................................................................... 79 

Table 6-1 Patient Characteristics At Study Entry ............................................................................... 95 

Table 6-2 Baseline Biomarker Levels In Relation To Outcome ...................................................... 96 

Table 6-3 Univariate Predictors Of All-Cause Mortality .................................................................. 97 

Table 6-4 Predictors Of Event-Free Survival ...................................................................................... 98 

Table 6-5 Predictors Of Survival With Appropriate ICD Therapy .................................................. 99 

Table 6-6 Combining Biomarkers To Identify Groups Of Patients Unlikely To Gain Significant 

Benefit From ICD Therapy .................................................................................................................. 100 

Table 7-1  Patient Characteristics At Study Entry ............................................................................ 116 

Table 7-2 Association Of Proteomic Biomarkers With Systolic Heart Failure And 

Asymptomatic Left Ventricular Dysfunction .................................................................................... 117 

Table 7-3 ROC Scores For Proteomic Biomarkers To Distinguish Between Systolic Heart 

Failure (N=78) And Control (N=45) Patients ................................................................................... 118 

Table 7-4 Baseline Biomarker Levels In Relation To Outcome In ICD Recipients .................... 119 

Table 7-5 Biomarker Univariate Predictors Of All-Cause Mortality And Survival With 

Appropriate ICD Therapy .................................................................................................................... 120 

Table 8-1 Clinical characteristics of all new ICD implants during the study period, presented on 

the basis of whether they had a LGE-CMR prior to ICD implantation ......................................... 135 

Table 8-2 Cox Proportional Hazards Analyses Demonstrating The Association Of Clinical, 

Biochemical, ECG And CMR Variables, And The Occurrence Of Appropriate ICD Therapy 136 



   

 xii  

 



   

 xiii  

DECLARATION OF AUTHORSHIP 
 

I, Paul A Scott, declare that the thesis entitled: 
 

Improving The Application Of Implantable Cardioverter Defibrillator Therapy: An Evaluation 

Of New Approaches To Patient Selection 
 

and the work presented in the thesis are both my own, and have been generated by me as the 

result of my own original research. I confirm that: 
 

• this work was done mainly while in candidature for a research degree at this University; 

• where any part of this thesis has previously been submitted for a degree or any other 

qualification at this University or any other institution, this has been clearly stated; 

• where I have consulted the published work of others, this is always clearly attributed; 

• where I have quoted from the work of others, the source is always given. With the exception 

of such quotations, this thesis is entirely my own work; 

• I have acknowledged all main sources of help; 

• where the thesis is based on work done by myself jointly with others, I have made clear 

exactly what was done by others and what I have contributed myself; 

• parts of this work have been published as:  
 

Scott PA, Gorman S, Andrews NP, Roberts PR, Kalra PR. Estimation of the requirement for 

implantable cardioverter defibrillators for the primary prevention of sudden cardiac death post-

myocardial infarction based on UK national guidelines (2006). Europace 2008;10:453-7.  
 

Scott PA, Barry J, Roberts PR, Morgan JM. Brain natriuretic peptide for the prediction of 

sudden cardiac death and ventricular arrhythmias: a meta-analysis. European Journal of Heart 

Failure 2009;11:958-66. 
 

Scott PA, Turner NG, Chungh A, Morgan JM, Roberts PR. Varying implantable cardioverter 

defibrillator referral patterns from implanting and non-implanting hospitals. Europace 

2009;11:1048-51. 
 

Scott PA, Townsend PA, Ng LL, Zeb M, Harris S, Roderick PJ, Curzen NP, Morgan JM. 

Defining Potential To Benefit From Implantable Cardioverter Defibrillator Therapy – The Role 

of Biomarkers. Europace 2011;13:1419-27. 
 

Scott PA, Morgan JM, Carroll N, Murday DC, Roberts PR, Peebles CR, Harden SP, Curzen 

NP. The Extent of Left Ventricular Scar Quantified By Late Gadolinium Enhancement MRI Is 

Associated With Spontaneous Ventricular Arrhythmias In Patients With Coronary Artery 



   

 xiv  

Disease And Implantable Cardioverter Defibrillators. Circulation: Arrhythmia and 

Electrophysiology 2011;4:324-30. 
 

• parts of this work have been presented as:  
 

Scott PA, Gorman S, Kalra PR. Estimation of the requirement for implantable cardiac 

defibrillator post myocardial infarction based on nice primary prevention guidelines (2006). 

Heart Rhythm Congress, Oct 2008. 
 

Scott PA, Turner NG, Chungh A, Barry J, Yue AM, Roberts PR, Morgan JM. The Effect of 

Hospital Type on ICD Implantation Rates. Heart Rhythm Society, May 2009. 
 

Scott PA, Barry J, Roberts PR, Morgan JM. A meta-analysis of Brain Natriuretic Peptide for 

the prediction of sudden cardiac death and ventricular arrhythmias. Heart Rhythm Society, May 

2009. 
 

Scott PA, Barry J, Roberts PR, Morgan JM. A meta-analysis of Brain Natriuretic Peptide for 

the prediction of sudden cardiac death and ventricular arrhythmias. Europace, June 2009. 
 

Scott PA, Zeb M, Yue AM, Curzen NP, Townsend PA, Ng LL, Roberts PR, Morgan JM. The 

Use of Biomarkers to Refine Patient Selection For ICD therapy. Heart Rhythm Congress, Oct 

2010. 
 

Scott PA, Carroll N, Murday D, Zeb M, Yue AM, Roberts PR, Peebles C, Harden S, Morgan 

JM, Curzen NP. Scar Quantification Assessed by Contrast-Enhanced MRI Predicts Spontaneous 

Ventricular Arrhythmias In patients with Coronary Artery Disease and Implantable Cardioverter 

Defibrillators. Heart Rhythm Congress, Oct 2010. 
 

Scott PA, Carroll N, Murday D, Zeb M, Yue AM, Roberts PR, Peebles C, Harden S, Morgan 

JM, Curzen NP. Scar Quantification Assessed by Contrast-Enhanced MRI Predicts Spontaneous 

Ventricular Arrhythmias In patients with Coronary Artery Disease and Implantable Cardioverter 

Defibrillators. Heart Rhythm Society, May 2011. 

 
 

Signed: ……………………………………………………………………….. 

 

Date:……………………………………………………………………………. 



   

 xv  

Acknowledgements 

I would especially like to thank Professor John Morgan for his excellent guidance and constant 

encouragement. I would also like to acknowledge the invaluable contributions made by Dr Nick 

Curzen, Dr Paul Roberts, Professor Paul Townsend and Professor Mark Hanson. 

I am grateful to Dr Sarah Gorman for helping with data collection for the study estimating the 

requirement for ICD therapy for the primary prevention of sudden cardiac death post-

myocardial infarction (Chapter 3). 

I am grateful to Dr Nick Turner and Aman Chungh for their assistance with data collection for 

the study assessing the effect of clinical setting on ICD prescription rates (Chapter 4). 

I am grateful to Dr James Barry for repeating data extraction for the BNP meta-analysis 

(Chapter 5). 

I would like to thank Professor Leong Ng and his team for performing the NT-proBNP, sST2, 

GDF-15, CRP and IL-6 assays (Chapters 6 and 7). 

I would like to thank Dr Bashar Zeidan for his help and advice regarding the proteomic analysis 

(Chapter 7). 

I would like to thank Nicola Carroll for performing CMR scar quantification in 15 patients to 

allow assessment of the reproducibility of the scar analysis methodology (Chapter 8). 

I would like to thank Scott Harris for his advice concerning statistics. 

I would like to thank the cardiac rhythm management physiologists at Southampton University 

Hospital, for their constant support with patient recruitment. 

I would like to thank Medtronic for providing the financial support that made this work 

possible. 

 



   

 xvi  



   

 xvii  

Definitions And Abbreviations 
 

ACE-I  Angiotensin converting enzyme inhibitor 

AF  Atrial fibrillation 

ARB  Angiotensin receptor blocker 

BNP  Brain natriuretic peptide 

BPM  Beats per minute 

CAD  Coronary artery disease 

CMR  Cardiac magnetic resonance 

CRP  C-reactive protein 

CRT-D  Cardiac resynchronisation defibrillator  

DGH  District general hospital 

EPS  Electrophysiological study 

GDF-15  Growth differentiation factor-15 

ICD  Implantable cardioverter defibrillator 

IL-6  Interleukin-6 

LV  Left ventricle 

LVEF  Left ventricular ejection fraction 

LVSD  Left ventricular systolic dysfunction 

MI  Myocardial infarction 

NICE  National Institute for Health and Clinical Excellence 

NICM  Non-ischaemic cardiomyopathy 

NSVT  Non-sustained ventricular tachycardia 

NT-proBNP  N-terminal pro-brain natriuretic peptide 

NYHA   New York Heart Association functional class 

PPM  Permanent pacemaker 

RCT  Randomised controlled trial 

RR  Relative risk 

SCD  Sudden cardiac death 



   

 xviii  

SELDI-TOF MS Surface-enhanced laser desorption/ionisation time-of-flight mass 

spectrometry 

SHF    Systolic heart failure 

sST2    Soluble ST2 

TTE    Transthoracic echocardiogram 

VA    Ventricular arrhythmias 

VF    Ventricular fibrillation 

VT    Ventricular tachycardia 

 



 

 1  

1. INTRODUCTION 

1.1. Heart Failure And Asymptomatic Left Ventricular Dysfunction 

1.1.1. Definition, Epidemiology and Aetiology 

Heart failure is a complex clinical syndrome that can result from any structural or functional 

cardiac disorder that impairs the ability of the ventricle to fill with or eject blood (1). The 

principal symptoms of heart failure are dyspnoea and fatigue, which may limit exercise 

tolerance, and fluid retention, which may lead to pulmonary congestion and peripheral oedema. 

 

Though diagnostic definitions vary, the epidemiology of heart failure in developed countries is 

relatively well established. Overall between 2% and 3% of the adult population have heart 

failure, though prevalence rises steeply with age, with 10-20% of 70 to 80-year-olds affected 

(2). In younger age groups heart failure is more common in men, though the prevalence is 

relatively equal between the sexes in the elderly (2). In addition, the prevalence of heart failure 

is increasing (2, 3). This is due to both the ageing population and improvement in the 

management of patients with structural heart disease and those suffering coronary events (2, 3). 

The resulting economic burden of heart failure is significant, with an estimated direct and 

indirect cost in the United States alone for 2007, of $33.2 billion (4). About two-thirds of these 

costs relate to hospital admissions (5). 

 

Though the clinical syndrome of heart failure may result from diseases of the myocardium, 

pericardium, endocardium or great vessels, the majority of cases are secondary to impairment of 

left ventricular (LV) function (1). Heart failure may be associated with a spectrum of 

abnormalities of LV function, ranging from patients with a preserved left ventricular ejection 

fraction (LVEF), to those with significant left ventricular systolic dysfunction (LVSD), termed 

systolic heart failure (SHF) (1). Although approximately half of patients with symptomatic heart 

failure in the community have preserved LVEF, the vast majority of clinical trials have included 

only patients with SHF, and there is little research to guide the management of patients with 

heart failure and preserved LVEF (6). Although LVSD often causes symptoms, community 

echocardiographic studies have demonstrated that approximately half of patients with 

significant LVSD are asymptomatic (7). However, it is well recognised that despite the lack of 

functional limitation, asymptomatic LVSD is a precursor to SHF and its presence has a 

significant adverse effect on prognosis (1). 

 

Though the potential causes of SHF and asymptomatic LVSD are numerous, the most frequent 

aetiological factor in developed countries is coronary artery disease (CAD), which is thought to 

be the initiating cause in approximately 70% of cases (2). Additional common causes include 
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non-ischaemic dilated cardiomyopathy (NICM), valve disease and systemic hypertension (2). 

Many patients however, have multiple potential causes (e.g. CAD, hypertension, diabetes 

mellitus, atrial fibrillation) and establishing the primary aetiology of heart failure in such cases 

can be difficult. 

 

1.1.2. Prognosis 

Heart failure, irrespective of the aetiology, is a lethal condition. Early data from the 

Framingham Heart Study demonstrated that in 652 patients who developed heart failure 

between 1948 and 1988 (51% men, mean age 70 years), 1-year and 5-year survival rates after 

the onset of symptoms were 57% and 25% in men, and 64% and 38% in women (8). Despite 

significant advances in the therapeutic management of heart failure prognosis remains poor. In a 

contemporary cohort study of 2445 patients (43% men, mean age 76 years) discharged from 

hospital after an admission with heart failure in one metropolitan area in the United States in 

2000, 1-year and 5-year survival rates after discharge were 63% and 22% respectively (9). 

 

Although the natural history of asymptomatic LVSD is not as well described as that of heart 

failure, there are data from both community-based studies and randomised controlled trials 

(RCTs) demonstrating an adverse prognosis (7). In community-based studies asymptomatic 

LVSD has been associated with an increased risk of both cardiovascular and all-cause mortality 

(10, 11). In the placebo groups of RCTs, which have included over 3500 patients, the annual 

mortality rates of patients with asymptomatic LVSD have ranged from 5.1% to 10.5% (12-16). 

 

1.1.3. Mode of Death 

In heart failure there is significant variation in mode of death between patients. While some 

patients die suddenly within a short period from the onset of symptoms (sudden cardiac death - 

SCD), others die of progressive heart failure (pump failure death) (17). The relative contribution 

of each mode of death to overall mortality in heart failure has been thoroughly evaluated in 

RCTs, though epidemiological data are also available. 

 

Epidemiological studies provided early data concerning the importance of SCD in heart failure. 

Among 461 members of the Framingham Heart Study who developed congestive heart failure, 

the 4-year mortality rate was 55% in men and 24% in women, and 40-50% of these deaths were 

sudden (18). These findings have persisted despite modern heart failure management. Mehta et 

al. performed a contemporary observational study of 396 patients with a new diagnosis of heart 

failure, at two UK hospitals over a two year period (2004-2005). During a median follow-up of 

10 months there were 59 deaths, of which 52% were classified as due to progressive heart 

failure and 22% SCD (19).  
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In contrast to the results of the cohort study by Mehta et al., data from RCTs have consistently 

demonstrated that SCD is the most frequent cardiovascular mode of death in heart failure 

patients, accounting for around a half of all deaths (17, 20). Poole-Wilson et al. analysed the 

mode of death in 3164 heart failure patients (83% NYHA III/IV) enrolled in the ATLAS trial, a 

study of the ACE-inhibitor Lisinopril (20). Over a median follow-up of 46 months there were 

1383 deaths, of which 589 were classified as sudden and 445 due to pump failure. These 

findings were confirmed by an analysis of 10,538 heart failure patients enrolled in 6 RCTs or 

registries by Mozaffarian et al. (17). During 16,735 person-years of follow-up 2014 deaths 

occurred, of which 1014 were classified as SCD and 684 as due to pump-failure. 

 

However, RCTs have some important limitations with respect to assessment of mode of death. 

Firstly, they do not accurately reflect the population of patients with heart failure in the 

community. The participants in RCTs tend to be in their late 50s and early 60s and 

approximately 80% are male (15, 17, 21, 22). In contrast, in the community nearly 90% of 

patients are ≥65 years, 50% ≥80 years, and the distribution of sexes more equal (23, 24). In 

addition, other factors, such as survival bias, where patients included in RCTs are ‘natural 

survivors’ of the early high risk period of heart failure may also be important (19). It is likely 

that some of these factors partly explain the differences in findings between the epidemiological 

and trial data. 

 

An additional factor that complicates the assessment of mode of death is the difficulty in 

classification, with a significant variation in the definition of SCD used in studies. Narang et al. 

performed a systematic review of 27 studies that reported mode of death in at least 50 heart 

failure patients (25). Though most studies defined SCD by a specified time interval between 

death and antecedent change in clinical status, no standard time interval was used, with 

definitions ranging from 15 mins to 24 hours. Furthermore, in some cases death occurs 

suddenly, but after a recent worsening in cardiac symptoms (26). 

 

Though less data are available, evidence from the placebo-arms of RCTs suggest that both 

modes of death are also important in patients with asymptomatic LVSD. In the 2117 patients in 

the placebo arm of the SOLVD study, a randomised trial of Enalapril in patients with 

asymptomatic LVSD, there were 334 deaths (16%) over a mean follow-up of 37 months (15). 

Of these deaths 105 (31%) were classified as due to sudden death and 106 due to progressive 

pump failure (32%). In the 1116 patients in the placebo arm of the SAVE study, a randomised 

trial of the ACE-I Captopril in patients with asymptomatic LVSD, there were 275 deaths (25%) 

over a mean follow-up of 42 months (14). Of these deaths 75 (27%) were classified as sudden 
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unexpected deaths, 50 (18%) sudden deaths with preceding symptoms, and 58 (21%) deaths due 

to progressive pump failure. 

 

1.2. Sudden Cardiac Death 

1.2.1. Definition and Incidence 

SCD is a major public health problem, causing an estimated 100,000 adult deaths per year in the 

United Kingdom and four times that in the United States (27, 28). Although most documents 

now define SCD as death that occurs within 1 hour or less from the onset of symptoms, or that 

which occurs during sleep, there is variation between studies in the definition used, and this 

strongly influences its estimated incidence (29, 30). Using the definition of death within an hour 

of symptom onset, the proportion of all natural deaths due to SCD is 13% (31). When all deaths 

occurring within a 24-hour period of symptom onset are included this rises to 18.5%, though the 

proportion of these deaths that are due to a cardiac cause is consequently reduced (31, 32). 

 

1.2.2. Population Subgroups at Risk of SCD 

In the vast majority of cases, SCD occurs in patients with structural heart abnormalities, though 

this may not have been previously recognised. The most common condition underlying SCD 

risk is CAD and its consequences, which accounts for up to 80% of cases (33). NICM is 

probably the second most common predisposing condition, accounting for up to 10% of cases 

(33). In a small proportion of cases (5-10%) SCD occurs in the context of a structurally normal 

heart. It is likely that a number of these patients will have one of a group of inherited conditions 

that affect the electrical properties of the heart, termed ‘channelopathies’. These include the 

long QT syndrome, short QT syndrome, Brugada syndrome, and catecholaminergic 

polymorphic ventricular tachycardia, all of which can  precipitate SCD without overt structural 

changes in the heart (34). 

 

The highest risk population subgroups for SCD are patients with LVSD, with or without 

symptoms of heart failure, and survivors of out-of-hospital cardiac arrest (35). It is important to 

note though, that despite their high incidence of SCD, because of their small population size, 

these high-risk subgroups do not contribute most SCD cases (35). In fact, the larger, lower risk 

populations, because of their size, generate the largest absolute number of SCD events. 

However, because of their high absolute risk, observational studies of risk and interventional 

trials of therapy have been carried out primarily in the highest risk subgroups. 
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1.2.3. Mechanisms of SCD 

The rhythm most often recorded at the time of cardiac arrest is ventricular fibrillation (VF), and 

this is likely to hold true for the subset of patients with LVSD (36, 37). It is thought that in most 

cases VF will have degenerated from ventricular tachycardia (VT) (38, 39). Though 

bradyarrhythmias and pulseless electrical activity may occur they are recorded less frequently. 

However, the true incidence of bradyarrhythmias is difficult to assess, as a rhythm beginning as 

VF may appear to be asystole once the first ECG is recorded. This understanding is informed by 

data from patients who have suffered SCD or resuscitated cardiac arrest whilst undergoing 

ambulatory monitoring (37, 40). 

 

In 1989 Bayés de Luna et al. combined data from seven studies of ambulatory patients dying 

suddenly while undergoing Holter recording (37). In 157 episodes of SCD, 131 (83.4%) were 

due to ventricular arrhythmias and 26 (16.6%) bradycardia. Of the 131 cases of SCD due to 

ventricular arrhythmias, in 98 cases VT degenerated into VF, in 13 cases VF appeared without 

any significant preceding arrhythmia, and in 20 cases the rhythm was polymorphic VT. Huikuri 

et al. used implantable ECG loop-recorders to document the cardiac rhythm at the time of 

cardiac arrest or peri-arrest, in 312 post-MI patients with significant LVSD (mean LVEF 

31±6%) (40). During a follow-up of 2 years, 25 (8%) patients experienced the primary end-

point of VF or sustained symptomatic VT. There were 8 SCDs, 6 due to VF and 2 to fast VT 

(ventricular rate 194-220 bpm), 3 resuscitated cardiac arrests, 2 due to VF and 1 to fast VT, 2 

episodes of syncope secondary to VF, and 12 episodes of sustained symptomatic VT 

(ventricular rate <194 bpm). 

 

While the arrhythmias that lead to SCD are well described, the pathophysiology underlying the 

genesis of these rhythm disturbances is complex and less well understood. However, it is 

thought to involve the interaction of a triggering event and an abnormal substrate, that induces 

electrical stability and a subsequent malignant ventricular arrhythmia (39, 41). 

 

The substrate for SCD varies depending on the underlying heart disease, as well as the initiating 

arrhythmia (38, 42). It has been well studied in monomorphic VT, the most frequent lethal 

arrhythmia in patients with LVSD, partly due to the relative reproducibility of the arrhythmia 

(43, 44). Monomorphic VT is generally associated with a fixed arrhythmic substrate, which in 

patients with structural heart disease is usually a region of ventricular scar tissue (44). The most 

common cause of scar is myocardial infarction, however in patients with other forms of 

structural heart disease scar tissue has different origins. These include myocardial fibrosis, in 

patients with NICM and hypertrophic cardiomyopathy, and scars created during cardiac surgery, 

such as surgical correction of Tetralogy of Fallot (45). Ventricular scars consist of regions of 
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dense fibrosis, with collagen and fibrocytes, interspersed with regions of surviving myocyte 

bundles (46). The dense fibrosis creates areas of conduction block, that can define borders for 

re-entry circuits, as well as areas of slow conduction (46). It is the slow conduction and fibrous 

anatomical barriers that set the stage for re-entry. 

 

In patients with CAD, both acute myocardial infarction and myocardial ischaemia can also 

provide the substrate for malignant ventricular arrhythmia that lead to cardiac arrest (42). 

However, the degree to which these factors play a role in the majority of cases of SCD is 

difficult to establish, as many of the hallmarks of acute MI may not be evident in the acute 

phase of infarction, and ischaemia may only be transient and, without ST-segment monitoring, 

difficult to identify. Despite these difficulties, is has been estimated that  acute MI accounts for 

only a minority of cases of SCD (39). 

 

In heart failure, a number of structural and functional changes take place that are likely to be 

important in the pathophysiology of SCD (41). These include, but are not limited to, action 

potential prolongation, alterations in calcium homeostasis, abnormal electrical conduction, and 

altered neurohormonal signalling (41). In addition, genetic predisposition may play a role in 

some patients (47).   
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1.3. Implantable Cardioverter Defibrillators 

1.3.1. The Technology 

Since their introduction in 1980, implantable cardioverter defibrillators (ICDs) have 

revolutionised the management of patients at high SCD risk (48). ICDs work by accurately 

recognising the occurrence of the potentially life-threatening ventricular arrhythmias that cause 

SCD, and effectively terminating them, either by anti-tachycardic pacing (ATP) or delivery of 

shock therapy (Figure 1-1) (49). 
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Figure 1-1 Normal Functioning Of An ICD 
(A) Stored data are shown from an episode of ventricular tachycardia, successfully treated with 
anti-tachycardia pacing by a dual-chamber ICD. From the top the tracings represent 
electrograms (egms) from the atrial and ventricular leads, and from an annotated marker 
channel.  At the start of the recording the ventricular egm shows a repetitive rhythm, with an 
identical morphology, at a rate of approximately 200 bpm. The tachycardia is successfully 
terminated back to sinus rhythm by 8 paced beats, at a slightly faster rate than the arrhythmia 
(arrow). (B) Stored data are shown from an episode of ventricular fibrillation, successfully 
treated with shock therapy, in a patient with a single-chamber ICD. From the top the tracings 
represent egms from the ventricular lead, shock coil, and from an annotated marker channel.  At 
the start of the recording both egms show a rapid, irregular, chaotic rhythm. The tachycardia is 
successfully terminated back to sinus rhythm by a 34.8 J shock (arrow).  
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1.3.2. Randomised Trials of ICD Therapy 

ICD therapy has been evaluated by multiple large RCTs. These trials predominantly included 

patients with significant LVSD, a large proportion of whom had symptoms of heart failure, 

reflecting the population at highest SCD risk. The underlying aetiology of the LVSD was CAD 

in most cases, though a small proportion of patients had NICM. There have been no randomised 

trials of ICD therapy in patients with heart disease of other aetiologies, principally due to the 

relative rarity of these conditions. 

 

The trials evaluated ICD therapy in two different clinical scenarios – patients who have survived 

life-threatening ventricular arrhythmias (secondary prevention), and patients who are thought to 

be at high risk of developing a life-threatening arrhythmia, but who have not yet done so 

(secondary prevention). In both settings ICDs are highly efficacious (21, 22, 50).  

 

Four RCTs, enrolling 2023 patients in total, have investigated the benefit of ICD therapy in 

survivors of potentially life-threatening ventricular arrhythmias with LVSD (secondary 

prevention) (51-54). Lee et al. performed a meta-analysis of these studies (55). In a fixed effects 

model defibrillator therapy was associated with a 25% relative risk reduction in all-cause 

mortality (p=0.0002), with an absolute risk reduction of 7%. 

 

The benefit of primary prevention ICD therapy has been demonstrated in a number of meta-

analyses (21, 55, 56). Nanthakumar et al. performed a meta-analysis of 10 RCTs that enrolled 

7253 patients (56). Using the random effects model there was a 25% relative risk reduction in 

all-cause mortality in the ICD group (p=0.003), with an absolute mortality risk reduction of 

7.9%.  

 

Though the number of patients with NICM included in the RCTs was small, the benefit of ICD 

therapy in these patients has been established using meta-analytical techniques. Desai et al. 

found that in both primary and secondary prevention settings patients with NICM benefitted as 

much as those with CAD, though the small number of patients in the secondary prevention 

analysis meant that this result was not statistically significant (57). 

 

1.3.3. The Epidemiology of ICD Utilisation 

Despite the large body of evidence supporting their use and their widespread endorsement by 

national and international guidelines, surveys have consistently demonstrated significant 

geographical variation in ICD implantation rates (2, 32, 50, 58-61). Early surveys in 1997 found 

that implant rates, including new and replacement devices, varied from 7/million/year in the UK 

to 49/million/year in Germany, the highest implanter in Europe, to 133/million/year in the USA 
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(61, 62). Although implant rates have risen significantly in the last decade worldwide, these 

geographical differences have persisted. In 2006, total ICD implant rates were ~65/million in 

the UK, compared to ~190/million in Germany and ~370/million in the USA (Figure 1-2) (63). 

There are no major differences in cardiovascular mortality rates between the European countries 

and the USA, and the European and US guidelines are broadly similar with respect to the 

indications for ICD therapy (2, 50, 64, 65). It is therefore likely that these geographical 

differences represent variation in clinical practice rather than the need for ICD therapy. 

Furthermore, it remains unclear to what degree this geographical variation in ICD utilisation 

represents an underuse in low implanting areas or an overuse in high implanting areas.  

 

There are number of factors that may contribute to this observed disparity. However three issues 

that are likely to be of paramount importance are the number of ICD implanting centres and 

electrophysiologists per population, the development of local referral strategies for potential 

ICD recipients and the financial circumstances of the healthcare system (64).  

 

The first issue - the number of ICD implanting centres and electrophysiologists in a country – is 

likely to be of key importance. In four of the larger European countries, France, Germany, Italy 

and the UK, there is a degree of correlation between the number of implanting centres and ICD 

implant rates (64). In Italy and Germany, where there are 4.4 and 6.8 implant centres per million 

population respectively, implants have been consistently higher than in France and the UK, 

where there are 1.4 and 0.7 implant centres per million, respectively (64). The second issue is 

the presence of poorly developed local referral strategies and care pathways for ICD patients. 

American and European studies have consistently demonstrated that many patients with heart 

failure who potentially meet criteria for prophylactic ICD implantation are not referred to their 

local implanting centre for consideration of device therapy, and furthermore only a minority of 

those referred are actually implanted with a device (64, 66). Thirdly, the financial circumstances 

of the healthcare system may be important. ICDs are an expensive technology and although 

RCTs have demonstrated clear clinical effectiveness when used in specific populations, their 

cost-effectiveness is less clear cut. The cost-effectiveness of ICD therapy will depend on a 

number of factors including the associated healthcare costs in the individual country as well as 

the assumptions made concerning clinical effectiveness, battery longevity and the SCD risk of 

the patient population they are used in (67, 68). 

 

In England and Wales new or costly therapies are evaluated by the National Institute for Health 

and Clinical Excellence (NICE), an independent organisation responsible for providing 

guidance to clinicians and healthcare purchasers. NICE initially published its guidance on ICD 

use in 2000. Although NICE anticipated that its guidance would require the implantation of 



 

 11  

approximately 50 first and replacement devices per million of the population per year, the exact 

number of devices that should be implanted based on the guidance was not known. In 2005 

Plummer et al. performed a one month audit of 336 patients admitted to a coronary care unit in 

the hospitals serving one district, to try to assess this more accurately (69). Applying NICE 

criteria, they found that the incidence of ICD indications based on their data was 

98.4/million/year, far in excess of the national implant rate at the time of the study. Additional 

studies by the same group have given consistent results, supporting the conclusion that despite 

national guidance ICDs were significantly underused in the UK (70, 71). 

 

Since the initial NICE guidance was published, the evidence supporting ICD therapy has 

increased with the publication of several landmark primary prevention trials, and in 2006 NICE 

updated its guidance to take account of these new data (58, 59, 72). The revised guidelines, 

which broadened the indications for prophylactic device use, are likely to significantly increase 

the required UK implant rate, though the true need for prophylactic ICD implantation in the UK 

is not known. 

 

Despite national guidance from NICE, there is great geographical variability in ICD implant 

rates within England and Wales (Figure 1-3). The first national survey of ICD use, published in 

2005, assessed regional implant rates from 1998-2002 based on postcode (73). The survey 

found that the implant rate of new devices gradually increased over the 5 year study period – 

from 12/million/year in 1998 to 31.5/million/year in 2002. However, over the 5-year study 

period, the difference between the highest (39 total implants/million/year) and lowest 

(9/million/year) implanting areas was over 4-fold. These findings have persisted in more recent 

analyses. The 2006 national survey, which assessed implant rates from 2004-2006, 

demonstrated a nearly three-fold difference in new implantation rates between the lowest 

(26/million/year) and highest (73/million/year) implanting regions (63). 

 

The number of patients with indications for ICD therapy in the population will depend on a 

number of factors, including the incidences of CAD and heart failure, and survival from aborted 

cardiac arrest. These factors are known to vary within the UK. However they are unable to 

explain the magnitude of the differences in implantation rates observed between different areas. 

The reason for this regional disparity in ICD implantation rates in the UK is unknown, but is 

likely to be multifactorial. Some of the factors underlying the variation in implant rates between 

different countries outlined above may also be important in explaining the regional disparity 

within the UK. The provision of ICD services is not uniform across the UK and this may have 

an impact (73). Furthermore, an effective ICD implantation service needs well developed local 

pathways for identifying and referring patients for consideration of ICD therapy, and this 
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requires network-wide planning and significant long term investment (73). Again this is likely 

to be subject to regional variation and may affect implant rates. 
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Figure 1-2 ICD Implant Rates In Europe 
Total ICD implant rates for 2006, per million population, for Europe as a whole, various 
European countries, and the USA. The UK implant rate (arrow), at approximately 65/million, is 
significantly below the European average (over 90/million), and over five times lower than in 
the USA (~370/million) (63). Copyright © 2010, Re-used with the permission of The Health 
and Social Care Information Centre.  All rights reserved. 
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Figure 1-3 Map Of ICD Implants In England And Wales 
Map of new ICD implant rates in England and Wales (2004-2006). The colour scale on the right 
of the figure refers to yearly implant rates per million population. The map demonstrates 
significant regional variation in implant rates, with an approximate three-fold difference 
between the highest and lowest implanting regions in 2006 (63). Copyright © 2010, Re-used 
with the permission of The Health and Social Care Information Centre.  All rights reserved. 
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1.4. Selection Of Patients For ICD Therapy 

1.4.1. SCD Risk Stratification 

Despite recent advances in the management of cardiovascular disease, survival following out-

of-hospital cardiac arrest remains poor. In a recent prospective study of 20,520 out-of-hospital 

cardiac arrests in 10 different sites in North America from 2006-2007, average survival to 

hospital discharge was 4.4% (74). Therefore, although ICD therapy effectively reduces 

mortality in the secondary prevention setting, the vast majority of patients that suffer a life-

threatening arrhythmia do not survive to be considered for a device. As a consequence, the use 

of primary prevention ICD therapy in patients who are at highest risk of SCD but have not yet 

suffered a life-threatening arrhythmia, is of paramount importance in reducing overall SCD 

rates. Central to this concept is the ability to identify which patients are at highest risk of SCD, 

termed SCD risk stratification.  

 

1.4.2. Current SCD Risk Stratification Tools 

SCD risk stratification has been studied primarily in patients with LVSD and those who have 

suffered a previous MI, as these groups are well known to be at increased SCD risk. A large 

number of tests have been evaluated. These include tests of LV function, autonomic function, 

ventricular repolarisation, and the presence or absence of spontaneous or inducible ventricular 

arrhythmias. The diverse nature of these tests reflects the complex pathophysiology underlying 

ventricular arrhythmogenesis. The clinically relevant risk stratification tests are: 

 

1.4.2.1. Left Ventricular Ejection Fraction 

Depressed LVEF, as measured by echocardiography, contrast and radionuclide 

ventriculography, or magnetic resonance imaging, has long been recognised to be the most 

important determinant of all-cause mortality in patients with CAD (75, 76). Contemporary 

studies have confirmed these early findings and demonstrated that in both ischaemic and non-

ischaemic cardiomyopathy, a reduced LVEF is consistently the strongest predictor of SCD, as 

well as all-cause mortality (77, 78). In 14,609 post-MI patients enrolled in the VALIANT trial, 

depressed LVEF was the most powerful predictor of SCD (77). In the first 30 days following 

MI, each decrease in 5 percentage points in LVEF was associated with a 21 percent increase in 

the risk of SCD or cardiac arrest with resuscitation. In another prospective study of 343 patients 

with NICM, LVEF was the only significant predictor of arrhythmic events in multivariable 

analysis, with a relative risk of 2.3 per 10% decrease in LVEF (78). As a result of these robust 

data, a depressed LVEF has been the main entry criterion used in RCTs of primary prevention 

ICD therapy. 
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1.4.2.2. Ambulatory Monitoring 

A number of studies have found an association between the presence of non-sustained 

ventricular tachycardia (NSVT) on ambulatory monitoring and SCD, in both ischaemic and 

non-ischaemic cardiomyopathy (79, 80). However, although it is used as an important 

determinant in the latest NICE guidance on ICD use, it plays only a minor role in selection of 

patients for ICD therapy in the North American guidelines, and its use is not advocated in the 

most recent European guidelines (2, 50, 72). Furthermore, more recent evidence has cast doubt 

on its predictive accuracy in the modern era (81). 

 

1.4.2.3. Electrophysiological Studies (EPS) 

Following the finding that post-MI patients with inducible ventricular arrhythmias had a 

significantly increased risk of SCD, EPS was for a long time considered the “gold standard” 

SCD risk stratification test in CAD patients (82-84). However more recent studies have 

suggested that non-inducible patients are still at high risk of SCD, casting doubt on the 

prognostic value of EPS in CAD (85, 86). EPS has no significant prognostic role in NICM (87, 

88). 

 

1.4.2.4. QRS Width 

 Early observational studies suggested that QRS prolongation was a significant marker of poor 

outcomes in patients with depressed LVEF, especially those with CAD (89). However, data 

from RCTs have provided conflicting results, and again, although QRS width is employed in the 

current NICE guidelines, its use to guide ICD therapy is not advocated in North American or 

European guidelines (2, 50, 72).   

 

1.4.2.5. Microvolt T-wave Alternans (MTWA) 

Multiple trials have demonstrated that MTWA testing is predictive of malignant arrhythmias. A 

meta-analysis of 19 studies, evaluating MTWA in 2608 patients over an average of 21 months 

follow-up, found a positive predictive value of 19.3% and negative predictive value of 97.2% 

(90). However, patients with an indeterminate result were excluded from the analysis, and the 

high proportion of such patients (20-40%) is a significant limitation of MTWA. Furthermore, 

more recent large prospective studies have not confirmed these earlier findings, and the role of 

MTWA in SCD risk stratification is currently unclear (91). 
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1.4.2.6. Other Tests 

In addition, a number of other risk stratification tests have some predictive ability though they 

are not in widespread clinical use. These include tests of autonomic function, the signal-

averaged ECG, and changes in the ECG QT segment (92). 

 

1.4.3. Guidelines for the Selection of Patients for ICD therapy 

Despite the variety of risk stratification tests available contemporary guidelines for the use of 

prophylactic ICD therapy in patients with CAD or NICM are based primarily on the presence of 

a reduced LVEF (Table 1-1) (2, 36, 50). Although consensus US and European guidelines for 

the prevention of SCD, published in 2006, recommend the use of MTWA and EPS for the risk 

stratification of SCD, only the use of EPS is advocated in the selection of patients for 

prophylactic ICD therapy (36). Both contemporary US and European guidelines suggest that 

patients with a significantly depressed LVEF (≤35%) should be considered for an ICD without 

the need for additional testing (2, 50), while the most recent US guidelines, published in 2008, 

suggest that patients with a higher LVEF (<40%) may benefit from further evaluation in the 

form of EPS and Holter monitoring prior to ICD implantation (50). The central role of LVEF in 

SCD risk stratification primarily reflects the fact that reduced LVEF has been the primary 

criterion used for inclusion in many of the RCTs of ICD therapy. 

 

The most recent NICE guidance also uses LVEF as the primary determinant for prophylactic 

ICD implantation, though patients also require additional testing in the form of ambulatory 

monitoring, EP testing, and a broad QRS (Table 1-2) (72). Although broadly similar to the US 

and European guidelines there are important differences between NICE guidance and the other 

contemporary guidelines. First, NICE guidance does not cover the use of prophylactic ICD 

therapy in patients with NICM. Second, NICE uses QRS width as a risk stratifier. Part of the 

explanation for these differences in guidelines relates to the focus of NICE on cost 

effectiveness. The NICE guidance is significantly more exclusive than the US and European 

guidelines, and attempts to focus the use of ICD therapy in patient groups where it is likely to be 

most cost effective as well as clinically efficacious (72). 
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Table 1-1 International recommendations concerning the use of ICD therapy for the 

primary prevention of SCD in patients with coronary artery disease and NICM (2, 50)  

 

ACC/AHA/ESC 2006 Guidelines (36) 

 
Class I 

 
Patients who have an LVEF ≤30-40% due to prior MI, are at least 40 days post-
MI, are in NYHA functional Class II or III and are receiving optimal medical 
therapy with a reasonable expectation of survival with good functional status for 
>1 year 

 
Patients with NICM who have an LVEF ≤30-35% , are in NYHA functional 
Class II or III, and are receiving optimal medical therapy with a reasonable 
expectation of survival with good functional status for >1 year 

 
Class IIa Patients who have an LVEF ≤30-35% due to prior MI, are at least 40 days post-

MI, are in NYHA functional Class I and are receiving optimal medical therapy 
with a reasonable expectation of survival with good functional status for >1 year 

 

ACC/AHA/HRS 2008 Guidelines (50) 

  
Class I Patients who have an LVEF ≤35% due to prior MI, are at least 40 days post-MI 

and are in NYHA functional Class II or III 
 
Patients with NICM who have an LVEF ≤35% and are in NYHA functional 
Class II or III 
 
Patients who have an LVEF <30% due to prior MI, are at least 40 days post-MI 
and are in NYHA functional Class I 
 
Patients who have an LVEF <40% due to prior MI, NSVT on ambulatory 
monitoring and inducible VF or sustained VT at electrophysiological study 
 

ESC 2008 Guidelines (2) 

  

Class I Patients who have an LVEF ≤35% due to a prior MI, are at least 40 days post-
MI, are in NYHA functional Class II or III,  and are receiving optimal medical 
therapy with a reasonable expectation of survival with good functional status for 
>1 year 

  
Patients with NICM who have an LVEF ≤35% and who are in NYHA functional 
Class II or III, receiving optimal medical therapy, with a reasonable expectation 
of survival with good functional status for >1 year 
 

ACC, American College of Cardiology; AHA, American Heart Association; ESC, European 
Society of Cardiology; HRS, Heart Rhythm Society. 
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Table 1-2  NICE guidance on the use of ICD therapy for primary prevention following 

myocardial infarction (72) 

 

A history of previous (more than 4 weeks) myocardial infarction (MI) and: 

 Either 

left ventricular dysfunction with an LVEF of less than 35% (no worse than class III of the New 

York Heart Association functional classification of heart failure), 

and  

non-sustained VT on Holter (24-hour electrocardiogram [ECG]) monitoring, 

and 

inducible VT on electrophysiological testing 

 or 

left ventricular dysfunction with an LVEF of less than 30% (no worse than class III of the New 

York Heart Association functional classification of heart failure) 

and 

QRS duration of equal to or more than 120 milliseconds 



 

 20  

1.4.4. Limitations of LVEF-based Strategies 

Although LVEF plays a key part in contemporary ICD guidelines, there are a number of 

limitations in its use as the primary determinant for ICD implantation (93, 94). These limitations 

become clear when the sensitivity and specificity of LVEF to predict SCD are examined. 

 

First, the sensitivity of reduced LVEF to predict SCD is relatively low. In a review of 8 studies 

that used LVEF, with cut-off values ranging from 30-40%, to predict SCD after MI, Buxton et 

al. found that the mean sensitivity ranged from 22-59% (94). These findings also hold true when 

LVEF is applied as a risk stratifier in the general population, rather than specific high-risk 

subgroups. In the Oregon Sudden Unexpected Death Study, a prospective study of all cases of 

SCD in Multnomah County, Oregon, LVEF was above 35% in 70% of people who had had 

LVEF estimation prior to cardiac arrest (95). The consequence of this low sensitivity is that the 

vast majority of patients who suffer SCD, or are resuscitated from cardiac arrest, will never 

have been considered for a prophylactic ICD under current LVEF-based guidelines. 

 

Second, the specificity of reduced LVEF to predict SCD is poor. Germano et al. investigated the 

rate of appropriate ICD therapy and SCD, in a review of 7 large RCTs of ICD therapy (96). In 

each of 5 recent trials, with a mean follow-up ranging from 15-45 months, less than a third of 

patients experienced appropriate ICD therapy, while the rate of overall mortality in the control 

arm was also less than 30% (Figure 1-4). These findings are consistent with registry data, where 

approximately half of implanted patients do not receive appropriate ICD therapy during long-

term follow-up (97, 98). In 463 patients with NYHA class II/III heart failure who received a 

CRT-D device (75% primary prevention) included in two prospective ICD registries, the 

cumulative rate of appropriate ICD therapy at 7 years was 50.4% (97). In another single-centre 

prospective registry, including 442 patients implanted with an ICD (16% CRT-D, 59% primary 

prevention), the cumulative incidence of appropriate ICD therapy was 52% at 7 years (98). The 

consequence of this low specificity is that the majority of patients implanted with ICDs based 

on current guidelines will not receive life-saving therapy from their device. 

 

Third, the specificity of reduced LVEF for SCD, rather than non-sudden death, which is 

predominantly due to pump failure, is poor. Although patients with a low LVEF, compared to 

those with a higher LVEF, have an increased risk of SCD, they have a similarly increased risk 

of non-sudden death. Buxton et al. reviewed 12 studies that compared the specificity of reduced 

LVEF, using cut-off values of 30% to 40%, to predict SCD versus non-sudden death (94). 

Overall, the relative risk of SCD associated with a reduced LVEF was similar to that of non-

sudden death. Therefore a reduced LVEF is a marker of total cardiovascular mortality risk and 

is not specific to mode of death. The importance of this concept lies in the fact that ICD therapy 
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reduces mortality due to arrhythmic SCD, but has no effect on mortality relating to other causes 

of death, specifically pump failure. Using reduced LVEF to guide ICD use will mean that ICDs 

are implanted in a number of patients who are likely to suffer from SCD, but also a similar 

number of patients who are likely to suffer a non-sudden mode of death, such as pump failure, 

and therefore not benefit from the device. 
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Figure 1-4 Outcomes In RCTs Of ICD Therapy 
Rates of mortality and appropriate ICD therapy in 5 contemporary RCTs of ICD therapy. Rates 
are given for total mortality in the control groups, and total mortality and appropriate ICD 
therapy in the ICD groups. Number of patients included (n) and mean/median follow-up times 
are given for each trial. The trials included are the Multicenter Automatic Defibrillator 
Implantation Trial II (MADIT II) (58), Sudden Cardiac Death in Heart Failure Trial (SCD-
HeFT) (59), Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure 
(COMPANION) (99), Defibrillators in Non-Ischemic Cardiomyopathy Treatment Evaluation 
(DEFINITE) (100), and the Defibrillator in Acute Myocardial Infarction Trial (DINAMIT) 
(101). For the COMPANION trial data are shown for the control and CRT-D groups only. 
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1.4.5. Which Low LVEF Patients Do Not Benefit from ICD Therapy? 

Overall, prophylactic ICD therapy improves survival in patients selected on the basis of a 

reduced LVEF (22). However, as described above, an LVEF-based risk stratification model has 

important limitations and not all implanted patients derive benefit from their device (50, 102). 

Two specific identifiable subpopulations of implanted patients do not significantly benefit from 

ICD therapy despite fulfilling international implant criteria: some patients never receive 

appropriate ICD therapy during long-term follow-up, reflecting the poor specificity of LVEF to 

predict SCD, while others have a high mortality despite an ICD, reflecting the lack of specificity 

of LVEF for SCD, rather than non-sudden death. 

 

Due to the low specificity of reduced LVEF to predict SCD, up to a half of implanted patients 

never receive appropriate therapy during long-term follow-up (96-98). Furthermore, a 

significant proportion of these appropriate therapies are likely to have been for arrhythmias that 

would not have been life-threatening. Therefore, despite a reduced LVEF, many patients 

implanted with a prophylactic ICD are actually at relatively low SCD risk. 

 

In contrast, other patients, who have either advanced heart failure or other co-morbidities (such 

as advanced chronic kidney disease), will have high mortality despite ICD therapy as 

modification of their SCD risk does not offer significant survival benefit (101, 103). The 

benefits of ICD therapy on mortality are not seen until after the first year and therefore patients 

whose predicted life expectancy, for any reason, does not significantly exceed this time-frame 

should not be considered for a device (50). Although this includes patients with significant non-

cardiac life-limiting co-morbidities, it is most relevant with respect to patients with advanced 

cardiac failure, whose risk of non-sudden cardiac death is significantly elevated. This is 

especially important as reduced LVEF is as strong a risk factor for sudden as non-sudden death 

(94). Although overall SCD is the commonest mode of death in patients with LVSD, in patients 

with advanced heart failure progressive pump failure predominates (17). Mozaffarian et al. used 

the Seattle Heart Failure Model, a prognostic model that incorporates 24 clinical variables, to 

investigate mode of death in 10,538 ambulatory patients with heart failure enrolled in 6 RCTs or 

registries (17). Overall there were 2014 deaths, of which 1014 were classified as SCD and 684 

as due to pump failure. However, in the 410 patients with the two highest model scores, 

reflecting more advanced heart failure, pump failure was most the frequent mode of death, 

accounting for 128 deaths, compared to 100 due to SCD (Figure 1-5).  

 

A further issue with ICD therapy in patients with advanced heart failure is that although SCD 

may be prevented by appropriate device therapy, in many patients this does not lead to a 

significant increase in life expectancy, as patients suffer death from pump failure soon 



 

 24  

afterwards. In this situation ICD therapy serves only to change the mode of death (102). This 

possibility is supported by the results of RCTs. In the DINAMIT study, an RCT of early ICD 

therapy following MI, 55 patients who suffered appropriate ICD therapy were examined for 

their long-term outcomes (104). Of these patients 40% had died within a year of the ICD 

therapy, and this was independent of age, LVEF and low heart rate variability. This is consistent 

with the MADIT-II trial, where patients that received appropriate ICD therapy had a 

significantly increased risk of a first heart failure event (HR 1.90; p=0.01) and recurrent heart 

failure (HR1.74; p<0.001) (105). 
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Figure 1-5 Mode Of Death In Heart Failure By SHFM Score 
Absolute risk of 1-year mortality from SCD and pump failure death according to the modified 
Seattle Heart Failure Model Score (SHFM), in 10,538 ambulatory patients with predominantly 
systolic heart failure (NYHA II-IV) enrolled in 6 RCTs or registries. The SHFM is a validated 
multivariable risk model that predicts both all-cause and cause-specific mortality in heart failure 
patients. The modified SHFM evaluated in this study used the following clinical variables: age, 
gender, systolic blood pressure, ischaemic origin of heart disease, NYHA class, LVEF, 
angiotensin-converting enzyme inhibitor use, angiotensin receptor blocker use, β-blocker use, 
statin use,  frusemide equivalent daily dose in milligrams per kilogram, serum sodium, digoxin 
use, carvedilol use, and serum creatinine. The number (n) of patients in each group are given 
(17). 
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1.4.6. Identifying Patients with Little Potential to Benefit 

Although it is apparent that some patients meeting current ICD implant criteria do not gain 

significant benefit from their device, it is not clear how best to identify such patients prior to 

device implantation. Most work in this area has focused on identifying patients with an 

increased risk of non-SCD, whose mortality despite an ICD is high. Current international 

guidelines use NYHA functional class to define a patient group with advanced heart failure, 

with ICD therapy contraindicated for patients in class IV (2, 50). However, NYHA class is a 

relatively inaccurate prognostic variable and there is significant variation between rates of SCD 

and pump failure death within NYHA classes (17). Many patients in NYHA class II/III are at 

higher risk of pump failure than some patients in NYHA IV (17). A variety of alternative 

strategies to identify these high risk patients have been evaluated, including the use of 

individual clinical characteristics, the presence of cardiac and non-cardiac co-morbidities, and 

more complex risk scores. 

 

Individual clinical characteristics that have been evaluated include renal dysfunction and 

advanced age. In a retrospective analysis of 229 patients with new ICD implants, Cuculich et al. 

found that the 15 month mortality in the 35 patients with chronic kidney disease (CKD) (serum 

creatinine ≥2 mg/dL or dialysis use) was significantly higher than those without CKD (48.6% 

vs. 8.2%, P < 0.00001) (103). In a retrospective cohort study of 502 consecutive patients with 

predominantly new ICD implants, Pellegrini demonstrated the importance of age in patient 

selection (106). Compared with younger patients (<65 years at implant), older patients (>75 

years) were at significantly increased risk of death (HR 4.7, p<0.001).  

 

Studies evaluating the effect of co-morbidity on benefit from ICD therapy have given 

conflicting results. Lee et al. examined the effect of age, gender and co-morbidity on survival, 

in a community-based study of 2467 ICD recipients in Ontario, Canada (107). Overall the 2-

year mortality rate was 7.8%, and older age at implant, prior heart failure and the presence of 

non-cardiac co-morbidities, were all associated with an increased the risk of death. From their 

data, the authors suggested that greater attention to the presence of heart failure status and non-

cardiac co-morbidities may improve outcomes in ICD recipients. Chan et al. also evaluated the 

effect of age and co-morbidities on benefit from ICD therapy, in a prospective study of 965 

patients with LVEF ≤35% and no previous ventricular arrhythmias, of which 494 received an 

ICD (108). In contrast to the study by Lee et al. the authors found that, over a mean follow-up 

of 34 months, ICD therapy was associated with lower all-cause mortality, even among older 

patients and those with major co-morbidities.  
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Two studies have evaluated the ability of more complex risk scores, reflecting baseline pre-

implantation predicted mortality risk, to identify patients less likely to benefit from ICD 

therapy. Goldenberg et al. evaluated the relationship between a derived risk score, made up of 5 

clinical variables (NYHA functional Class >II, age >70 years, blood urea nitrogen >26 mg/dl 

but <50mg/dl, QRS duration >0.12 s, and AF at baseline), and benefit from ICD therapy, in the 

1232 patients enrolled in the MADIT-II trial (109). The investigators also described a group of 

60 ‘very high risk’ (VHR) patients, with advanced renal dysfunction (BUN >50 mg/dl and/or 

serum creatinine >2.5 mg/dl), that were analysed separately.  Patients in the VHR group, whose 

overall 2-year mortality was 50%, did not benefit from ICD therapy (HR 1.0, p>0.99). 

Furthermore, the 345 patients with none of the five risk markers, whose overall 2-year mortality 

was 9%, also derived no benefit from an ICD (HR 0.96; p >0.91). Based on their results, 

Goldenberg et al. proposed a U-shaped curve for the relationship between baseline predicted 

mortality risk, and benefit from ICD therapy, with patients at highest and lowest risk not gaining 

significant benefit from their device (Figure 1-6). 

 

Levy et al. used a modified version of the Seattle Heart Failure Model (SHFM) to examine the 

baseline predicted mortality risk and the relative and absolute benefit from ICD therapy, in 2487 

patients enrolled in the SCD-HeFT trial (110). The investigators used the SHFM to divide the 

patients into 5 equally sized groups of increasing predicted baseline risk. Patients in the group 

with the highest baseline predicted risk of death (n=497), whose observed annual mortality in 

the placebo arm was 17.6%, gained no significant benefit from ICD therapy (RR 0.98, p=0.89), 

despite the highest rate of appropriate ICD therapy (33% over 3.8 years) (Figure 1-7). By 

extrapolating their data, the authors suggested that the benefit of ICD therapy may approach null 

when annual predicted mortality reaches 20-25%. In contrast to the study by Goldenberg et al, 

the study by Levy et al. did not find a group whose risk of SCD was too low to benefit from 

their device. 

 

All of the proposed strategies to identify patients that are unlikely to gain significant benefit 

from ICD therapy have important limitations. The use of individual risk factors, such as age or 

the presence of co-morbidities, may be too simplistic, and furthermore, data on the value of such 

an approach are conflicting (107, 108). In contrast, risk scores, such as the SHFM, can be 

relatively complex, requiring the availability of multiple clinical and laboratory variables, and 

their utility has only been evaluated in the context of RCTs, where the enrolled patients may not 

be representative of those in ‘real world’ practice (109, 110). 
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Figure 1-6 Effect Of Pre-Implantation Mortality Risk In MADIT II   
Observed Kaplan-Meier mortality at 2 years for the control and ICD arms of the MADIT II trial 
(109). Patients are grouped by number of clinical risk factors (NYHA functional Class >II, age 
>70 years, blood urea nitrogen >26 mg/dl but <50mg/dl, QRS duration >0.12s, and AF at 
baseline), and by the presence of significant renal dysfunction (BUN >50 mg/dl and/or serum 
creatinine >2.5 mg/dl), who are in the very high risk group (VHR). The number of patients (n) 
in each group are given. Although mortality in patients at moderate predicted overall mortality 
risk (groups with 1 or more clinical risk factors) was reduced by ICD therapy, mortality in the 
lowest (no risk factors) and highest (VHR group) risk groups was not reduced by ICD therapy.  
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Figure 1-7 Effect Of Pre-Implantation Mortality Risk In SCD-HeFT 
Observed Kaplan-Meier mortality at 4 years for the control and ICD arms of the SCD-HeFT 
trial (110). Patients are grouped by Seattle Heart Failure Model (SHFM) estimated quintiles of 
baseline predicted mortality risk. The number of patients (n) in each group are given. Although 
mortality in patients in the lowest 4 quintiles of risk (quintiles 1-4) was reduced by ICD therapy, 
in patients in the highest risk group (quintile 5) mortality was not reduced by ICD therapy. 
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1.5. Biomarkers And Prognosis In Patients With Low LVEF 

A number of individual serum and plasma biomarkers have been shown to be powerful 

predictors of adverse outcomes in patients with reduced LVEF in a variety of clinical settings. 

These include biomarkers that predict all-cause mortality, biomarkers that predict SCD, and 

biomarkers that predict the occurrence of ventricular arrhythmias in ICD recipients. 

 

1.5.1. Biomarkers and All-Cause Mortality in Low LVEF Patients 

A range of individual plasma/serum biomarkers have demonstrated associations with all-cause 

mortality in patients with heart failure or asymptomatic LVSD. Although no specific classes for 

biomarkers are accepted, they may be grouped into categories based on pathophysiology: 

markers of inflammation, oxidative stress, extracellular matrix remodelling, neurohormones, 

myocyte injury, myocyte stress, and novel biomarkers that do not clearly fit into any of the 

previous categories (111). 

 

1.5.1.1. Inflammation 

Inflammation is central to the pathogenesis and progression of heart failure, and biomarkers of 

inflammation and inflammatory pathway activation are highly predictive of prognosis in 

patients with reduced LVEF (112). Rauchaus et al. prospectively evaluated multiple 

inflammatory cytokine levels in 152 patients with heart failure (121 patients in NYHA class II-

III) (113). During a mean 34 months follow-up there were 62 deaths. In univariate analyses 

tumour necrosis factor-alpha (TNF-α) (p<0.0001), soluble TNF-receptors 1 and 2 (sTNF-

R1/sTNF-R2) (p<0.0001), interleukin-6 (IL-6) (p=0.005), and soluble CD14 receptor 

(p=0.0007), were all predictive of death. In multivariable analysis the strongest predictor was 

sTNF-R2 (p<0.001), which proved better than LVEF. 

 

Deswal et al. analysed circulating levels of two inflammatory cytokines, tumour necrosis factor 

(TNF) and IL-6, and their cognate receptors, in 1200 patients with advanced heart failure 

enrolled in a multicentre placebo-controlled trial of Vesnarinone, an inotropic drug (114). All 

patients were NYHA class III-IV, and the aetiology of heart failure in the majority (58%) was 

ischaemic. In the placebo group, which contained 384 patients, there were 65 deaths, 31 each 

due to SCD and pump failure, and TNF (p=0.02), IL-6 (p=0.002), sTNF-R1 (p=0.0001), and 

sTNF-R2 (p=0.0001), were all independent predictors of all-cause mortality in multivariable 

analysis. Although the predictive relationship of biomarkers to SCD was not specifically 

evaluated, levels of TNF and IL-6 were not significantly different between patients that died of 

SCD and those that died of pump failure. 
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1.5.1.2. Oxidative Stress 

 Oxidative stress is a result of an imbalance between reactive oxygen species and endogenous 

antioxidant defence mechanisms. This imbalance is important in the pathogenesis and 

progression of heart failure (115). An elevated level of uric acid, which is associated with the 

production of oxidants, is independently associated with an adverse prognosis in heart failure 

(116). In addition, plasma myeloperoxidase concentration, a marker of oxidative stress, 

correlates with heart failure severity and is an independent marker of all-cause mortality (117-

119). 

 

1.5.1.3. Extracellular-Matrix Remodelling 

Myocardial remodelling is an integral process in the progression of heart failure, and markers of 

extracellular-matrix remodelling, such as aminoterminal propeptide type III procollagen, predict 

all-cause mortality in chronic heart failure (120). 

 

1.5.1.4. Neurohormones 

Activation of neurohormonal systems, especially the sympathetic and renin-angiotensin-

aldosterone systems (RAAS), play a central role in the progression of heart failure, and a 

number of different neurohormones have shown prognostic value in heart failure (121). Latini et 

al. measured multiple different plasma neurohormones in 4300 patients with moderate to severe 

heart failure enrolled in the Val-HeFT study (122). In univariate analyses big endothelin, plasma 

renin and norepinephrine, were all predictive of all-cause mortality during follow-up. 

 

1.5.1.5. Myocyte Injury 

 In addition to ischaemic damage, myocyte injury may occur as a result of oxidative stress, 

neurohormonal activation, or inflammation. Cardiac troponin (cTn) is a highly specific marker 

of myocardial injury, and an elevated troponin level is associated with total mortality in both 

acute and chronic heart failure, irrespective of the aetiology of the heart disease (123, 124). 

Horwich et al. evaluated the cTn level in 238 patients with advanced heart failure referred for 

transplantation (123). cTn was elevated in 117 patients (49%) and associated with a higher 

pulmonary wedge pressure (p=0.002), lower cardiac index (p=0.0001), and increased mortality 

during follow-up (p<0.0001). Peacock et al. evaluated admission cTn levels in 84,872 patients 

hospitalised with acute decompensated heart failure (124). An elevated cTn level was found in 

4240 patients (6.2%) and was associated with a lower admission systolic blood pressure 

(p<0.001), a lower LVEF (p<0.001), and higher in-hospital mortality (p<0.001).  
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1.5.1.6. Myocyte Stress 

A handful of biomarkers that reflect myocyte stress have been studied in patients with LVSD. 

These include the natriuretic peptides and soluble ST2. 

 

There are three major natriuretic peptides (NPs), atrial natriuretic peptide (ANP), B-type 

natriuretic peptide (BNP), and C-type natriuretic peptide, all of which protect the cardiovascular 

system from the effects of volume overload found in the context of cardiac failure (125). ANP 

and BNP are released primarily from the heart, but circulate as hormones to act in various 

tissues in the body, inducing vasodilation, natriuresis, and diuresis. Though ANP is 

preferentially synthesized and secreted from the atria and BNP from the ventricles, under 

pathological conditions both can be synthesised in either chamber (126). 

 

In the setting of volume expansion or pressure overload, the resulting myocardial wall stress 

initiates synthesis of pre–proBNP in the ventricular myocardium (125). The peptide is then 

cleaved first to proBNP1-108, then to the biologically active BNP1-32 and the inactive amino-

terminal fragment (NT-proBNP) (125). Once released, BNP results in improved myocardial 

relaxation and serves an important regulatory role, counteracting acute increases in ventricular 

volume by opposing the vasoconstriction, sodium retention, and antidiuretic effects of the 

RAAS (127). 

 

As well as becoming established tests in the diagnosis of heart failure, there is increasing 

evidence that NP levels also give valuable prognostic information. Doust et al. performed a 

systematic review of 19 studies that assessed the accuracy of BNP (or NT-proBNP) to predict 

total mortality in patients with heart failure or LVSD (128). In patients with symptomatic heart 

failure, each 100 pg/ml increase in BNP was associated with a 35% increase in the relative risk 

of death. A raised BNP was also associated with an increased risk of death in patients with 

asymptomatic LVSD. 

 

The ST2 gene is a member of the interleukin-1 receptor family, and consists of both a 

transmembrane receptor form, and a soluble receptor form (sST2) that can be detected in serum 

(129). The ST2 gene is up-regulated on the application of mechanical stress to cardiac myocytes 

and is thought to play an important role in regulating the myocardial response to mechanical 

overload in stretched cardiomyocytes, in a similar manner to BNP (129, 130). sST2 predicts all-

cause mortality in the post-MI setting, as well as in patients with heart failure of ischaemic and 

non-ischaemic aetiology (129, 131). 
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Sabatine et al. measured sST2 at baseline in 1239 patients with ST-elevation MI, enrolled in the 

CLARITY-TIMI 28 trial, a trial of adjunctive Clopidogrel in the treatment of MI (131). sST2 

was a powerful predictor of cardiovascular death or development of heart failure over 30-days 

follow-up, independent of both NT-proBNP and LVEF. Rehman et al. measured sST2 in 346 

patients with acute heart failure (129). In an analysis including LVEF and NT-proBNP, sST2 

was a powerful predictor of 1-year mortality. Taken together, these data suggest that NT-

proBNP and sST2 may reflect complementary pathophysiological pathways involved in 

myocardial stress, and as such give prognostic information in patients with LVSD, that is both 

independent of one another and LVEF (131).  

 

1.5.1.7. New Biomarkers 

 A novel biomarker that does not fit clearly into the above categories is growth differentiation 

factor-15 (GDF-15), a protein belonging to the transforming growth factor-β superfamily (132). 

GDF-15 expression is upregulated in cardiac myocytes by a range of stressors, including 

reactive oxygen species and inflammatory cytokines (133). GDF-15 is not normally expressed 

in the heart, but its expression is induced by experimental pressure overload and in mouse 

models of NICM, and it is found at increased circulating levels in patients with heart failure 

(134, 135). 

 

GDF-15 has also been shown to predict mortality in patients with heart failure, independent of 

LVEF and NT-proBNP. Kempf et al. explored the prognostic utility of GDF-15 in 455 patients 

with LVSD (median LVEF 32%) (136). Over a median follow-up of 40 months 117 patients 

died. Ln GDF-15 was a significant predictor of mortality (p<0.001), independent of both LVEF 

and NT-proBNP. GDF-15 is also an independent predictor of mortality in patients undergoing 

CRT implantation (137). Foley et al. evaluated the prognostic value of GDF-15 in 158 patients 

with heart failure undergoing CRT (137). Over a median follow-up of 950 days 40 patients died 

of cardiovascular causes. GDF-15 was a predictor of cardiovascular mortality (p=0.005), 

independent of LVEF and NT-proBNP.  

 

1.5.2. Biomarkers and SCD 

The ability of individual serum/plasma biomarkers to predict SCD has been evaluated in three 

broad groups of patients – patients with heart failure or asymptomatic LVSD, post-MI patients, 

and apparently healthy people. In each context studies have demonstrated a significant 

association between biomarker levels and the occurrence of SCD (Table 1-3). 
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1.5.2.1. Patients with Heart Failure or Asymptomatic LVSD. 

 Berger et al. examined the association of 4 markers of neurohormonal activation and myocyte 

stress - BNP, NT-proBNP, N-terminal ANP (N-ANP), and big endothelin - with SCD, in 452 

ambulatory patients with heart failure and LVEF <35% (138). The aetiology of heart failure in 

the majority of these patients (65%) was NICM. During a mean follow-up of 592±387 days 

there were 89 deaths, of which 44 were due to SCD. In univariate analyses, log BNP 

(p=0.0006), log NT-proBNP (p=0.0057), log N-ANP (p=0.0028), and big endothelin 

(p=0.0326), were all predictive of SCD. However in multivariable analysis only log BNP 

(p=0.0006) was still significant, while other traditional clinical predictors, including LVEF and 

NYHA class, were not. The association between BNP/NT-proBNP levels and SCD in patients 

with heart failure or asymptomatic LVSD, has been reproduced by other investigators (139-

142). 

 

Pascual-Figal et al. evaluated the relationship between sST2 and SCD, in a nested case control 

study of ambulatory heart failure patients (NYHA II/III, LVEF ≤45%) enrolled in a registry 

(143). The investigators identified 36 cases of SCD and matched 63 control patients, based on 

age, sex and LVEF. sST2 concentrations were significantly higher in SCD patients than controls 

(0.23 ng/ml [lower quartile to upper quartile 0.16-0.43 ng/ml] vs. 0.12 ng/ml [lower quartile to 

upper quartile 0.06-0.23 ng/ml]; p=0.001). Furthermore, the association of sST2 with SCD was 

independent of NT-proBNP levels. 

 

1.5.2.2. Post-Myocardial Infarction Patients 

 Tapanainen et al. prospectively evaluated the accuracy of ANP, N-ANP, BNP and depressed 

LVEF, to predict SCD in 521 survivors of acute MI (144). During a mean follow-up of 43±13 

months there were 33 deaths, of which 16 were due to SCD. In univariate analyses, BNP 

(relative risk [RR] 4.4, p=0.011), ANP (RR 4.1, p=0.014) and N-ANP (RR 3.4, p=0.018), had a 

similar accuracy to LVEF (RR 4.9, p=0.013), in predicting SCD. After adjusting for clinical 

variables only elevated BNP (p = 0.02) and low LVEF (<40%) (p = 0.03) remained as 

significant predictors of SCD. It should be noted that there was a high use of contemporary 

post-MI medical therapy in the cohort, including 97% beta-blockade. 

 

1.5.2.3. Apparently Healthy People 

The association between biomarkers and SCD has been assessed in apparently healthy men and 

women. Albert et al. assessed the relationship between CRP, homocysteine, plasma lipids levels 

and SCD, in a nested case-control study of men enrolled in the Physicians’ Health Study (145). 

Ninety-seven cases of SCD and one hundred and ninety-two matched controls were included. 

Baseline CRP level was significantly associated with SCD – men in the highest quartile of CRP 
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were at a 2.78-fold (95% CI 1.35 to 5.72) increased risk of SCD, compared with men in the 

lowest quartile, which persisted after adjustment for known risk factors. Neither homocysteine 

nor lipid levels were predictive.  

 

Korngold et al. investigated the relationship between two biomarkers, NT-proBNP and CRP, 

and SCD in apparently healthy women (146). They performed a nested case-control study of 99 

cases of SCD and 294 matched controls, taken from 121,700 patients enrolled in the Nurses’ 

Health Study. When examined continuously both NT-proBNP and CRP were associated with 

SCD risk (p value for trend 0.04 and 0.03 respectively). After adjustment for known CAD risk 

factors, the relationship with NT-proBNP was strengthened, but the association with CRP was 

no longer significant. Women with NT-proBNP levels above a pre-specified cut-point of 389 

pg/mL were at increased risk of SCD (RR 5.68, p=0.003). 
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Table 1-3 Biomarkers Associated With The Occurrence Of SCD In Different Settings 
 

Biomarker Role of biomarker 

Patients with LVSD  

Brain Natriuretic Peptide (138, 
141) 

Natriuretic peptide largely released from the ventricles 

N-terminal pro Brain 
Natriuretic Peptide (138-140) 

N-terminal fragment co-secreted with BNP 
 

N-terminal Atrial Natriuretic 
Peptide (138) 

N-terminal fragment co-secreted with ANP 

Big endothelin (138) 
Precursor to endothelin, a vasoactive peptide involved 
in vascular homeostasis 

Soluble ST2 (143) 
Plays an important role in regulating the myocardial 
response to mechanical overload in stretched 
cardiomyocytes, in a similar manner to BNP 

Post-Myocardial Infarction  

Brain Natriuretic Peptide (144) As above 

N-terminal Atrial Natriuretic 
Peptide (144) 

As above 

Atrial Natriuretic Peptide (144) Natriuretic peptide largely released from the atria 

Apparently Health People  

N-terminal pro Brain 
Natriuretic Peptide (146) 

As above 
 

C-reactive protein (145) Acute phase reactant marker of systemic inflammation 
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1.5.3. Biomarkers and Ventricular Arrhythmias in ICD Recipients 

The ability of biomarkers to predict malignant arrhythmias in ICD recipients has been assessed 

in 9 studies, enrolling over 800 patients (147-155). These studies, which included patients with 

LVSD of an ischaemic and non-ischaemic aetiology, demonstrated that biomarkers are able to 

predict the occurrence of malignant ventricular arrhythmias with appropriate ICD therapy in 

ICD recipients (Table 1-4).  

 

A number of studies have demonstrated that BNP (or NT-proBNP) independently predicts the 

occurrence of malignant arrhythmias in patients with ICDs (147-149, 151-153, 155). However, 

many of these were limited by a small sample size, enrolling less than 100 patients each (148, 

150-152). Three of the larger studies reported that patients with BNP levels above the study 

median had significantly more malignant arrhythmias than those below this cut-off (risk ratios 

between 2.2 and 3.8) (147, 153, 155). Multivariable regression analyses in these studies 

examining traditional clinical and echocardiographic risk factors for SCD, found BNP most 

strongly predicted malignant arrhythmias and performed better than reduced LVEF. One study, 

by Yu et al., compared the predictive accuracy of NT-proBNP to EPS, in 99 patients who had 

undergone prophylactic ICD placement following MI (153). During a mean follow-up of 

556±122 days, 23 patients received appropriate device therapy for VF/VT. On multivariable 

Cox regression analysis, only NT–proBNP level at or greater than median (497 ng/L) was a 

significant predictor for VT/VF occurrence (p=0.047). 

 

Two studies have investigated a broader range of serum biomarkers to predict the occurrence of 

appropriate ICD therapy (147, 154). 

 

Blangy et al. prospectively evaluated the ability of markers of cardiac fibrosis [procollagen type 

I aminoterminal peptide (PINP), procollagen type III aminoterminal peptide (PIIINP), 

membrane metalloproteinase I (MMP-1)], BNP and CRP, to predict appropriate ICD therapy 

(147). They followed 121 patients with ICDs and CAD over 12 months. During this time 38 

patients had appropriate device therapy for VT. In a multivariable analysis, LVEF <35% (Odds 

Ratio [OR] 2.19, p=0.049), BNP (OR 3.75, p=0.014), CRP (OR 3.2, p=0.006), PINP (OR 3.71, 

p=0.009), and PIIINP (OR 0.21, p=0.003), were all significant predictors of device therapy for 

VT.  

 

Kanoupakis et al. prospectively evaluated the association of markers of collagen turnover and 

the occurrence of malignant ventricular arrhythmias (154). Serum C-terminal propeptide of 

collagen type-I (CICP), C-terminal telopeptide of collagen type-I (CITP), MMP-1, and tissue 

inhibitor of MMP-1 (TIMP-1), were measured in 70 patients with NICM undergoing 
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prophylactic ICD implantation. During 12 months follow-up 14 patients received appropriate 

ICD therapy. Compared to patients that did not receive appropriate ICD therapy, patients that 

did had significantly higher levels of CITP (0.46±0.19 ng/ml vs. 0.19±0.07 ng/ml, p<0.001), 

MMP-1 (27.7±1.6 ng/ml vs. 24.1±2.5 ng/ml, p<0.001), and TIMP-1 (89±14 ng/ml vs. 58±18 

ng/ml, p=0.008). 
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Table 1-4 Biomarkers Associated With The Occurrence Of Appropriate ICD Therapy 

 

Biomarker Role of biomarker 

Natriuretic peptides  

Brain Natriuretic Peptide (147, 155) 
Natriuretic peptide largely released from 
the ventricles 

N-terminal pro Brain Natriuretic Peptide (149, 
153) 

N-terminal fragment co-secreted with 
BNP 
 

Inflammatory markers  

C-reactive peptide (147) 
Acute phase reactant marker of systemic 
inflammation 

Markers of collagen turnover  

Procollagen type I aminoterminal peptide 
(PINP) (147) 

Marker of collagen turnover 

Procollagen type III aminoterminal peptide 
(PIIINP) (147) 

Marker of collagen turnover 

Membrane metalloproteinase I (MMP-1) (154) Extracellular matrix degradation enzyme 

C-terminal telopeptide of collagen type-I (CITP) 
(154) 

Marker of tissue degradation of type-I 
collagen 

Tissue inhibitor of MMP-1 (TIMP-1) (154) 
Inhibitor of extracellular matrix 
degradation enzyme MMP-I 
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1.6. Biomarker Discovery Using A Proteomic Approach 

1.6.1. Overview 

The standard approach to the assessment of proteins in a biological sample, such as serum or 

plasma, involves techniques such as enzyme-linked immunosorbent assay (ELISA), which 

determine the level of individual proteins. While such an approach gives accurate information 

about the quantity of specific proteins, it is, by its nature, limited by its lack of breadth. In 

contrast, proteomic techniques allow hundreds of proteins in a given sample tissue to be 

analysed simultaneously (156). Though proteomic techniques have many applications, one of 

the most clinically relevant is as a tool for the discovery of potentially novel biomarkers (156, 

157). 

 

The basic principles of proteomic biomarker discovery are similar irrespective of the specific 

technological platform used or biological samples studied (158). First, biological samples are 

analysed using a quantitative platform, to make an assessment of the abundance of the different 

proteins present, or protein profile, of the sample. The protein profiles are then compared 

between a group of samples taken from patients with a specific condition, or cases, and suitably 

chosen controls, looking for differentially expressed proteins that distinguish cases from 

controls. If desired, the identity of these differentially expressed proteins can then be 

established. 

 

A variety of different technological platforms have been used to separate proteins in proteomic 

biomarker studies (156). These platforms can be broadly classified into two different groups: 

gel-based approaches, where proteins are separated using electrophoresis, and non-gel based 

approaches, where proteins are separated by other techniques such as liquid chromatography 

(156, 158). 

 

1.6.2. Biomarker Discovery Using SELDI-TOF MS 

Surface-enhanced laser desorption ionisation time-of-flight mass spectrometry (SELDI-TOF 

MS) is a proteomic technique that uses on-chip retentate chromatography to separate complex 

protein mixtures (159). The SELDI-TOF MS technology employs the use of ProteinChip arrays, 

which contain 8 or 16 chemically treated spots. Biological samples of interest are loaded onto 

the array spots, with or without prior pre-fractionation. Each spot contains a solid-phase 

chromatographic surface, designed to retain proteins according to a general or specific 

physicochemical property of the protein, yielding an on-surface chromatographic protein 

separation for binding proteins at a particular binding condition. The spots are then washed to 

remove any unbound protein, and ionised by the addition of a matrix chemical – or energy 
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absorbing molecule. A laser then vaporises the ionised peptides, which are accelerated in an 

electric field and sent to a flight tube, at the end of which the detector is located. For a given 

electrical field voltage, the time of flight (TOF) to the detector is proportional to the ratio of the 

mass to charge (m/z), with smaller molecules flying faster than larger ones. For each biological 

sample applied to an individual spot, mass spectra are produced that reflect the presence and 

quantity of the individual peptides present in the sample, that have been captured and bound by 

the specific chromatographic surface of the ProteinChip array spot (Figure 1-8). 

 

The technique of SELDI-TOF MS has been widely applied in the search for diagnostic 

serum/plasma biomarkers in a variety of different non-cardiac conditions. 

 

SELDI-TOF MS first came to prominence as a technique for biomarker discovery with a 

publication by Petricoin et al., describing its use in the diagnosis of early-stage ovarian cancer 

(160). Proteomic spectra were generated from the serum of 100 patients with ovarian cancer and 

116 controls. Patients were separated into a “training” set of 50 cases and 50 controls, and a 

separate “test” set of 50 cases and 66 controls. Using the spectra from the training set, the 

investigators employed a bioinformatic approach to develop an algorithm to discriminate cancer 

patients from controls, that used the peak amplitudes (or signal to noise ratio, S/N) of 5 separate 

peaks. In the test set, the algorithm identified all 50 cancer cases correctly and 63 of the 66 

controls correctly, yielding a sensitivity of 100%, specificity of 95% and positive predictive 

value of 94%. 

 

This approach has been successfully employed by other investigators to search for diagnostic 

protein patterns, or proteomic ‘fingerprints’, associated with specific conditions (161-164). 

Papadopoulos et al. used SELDI-TOF MS in the diagnosis of human African trypanosomiasis 

(sleeping sickness) (161). Spectra were generated from serum samples from 85 patients with 

sleeping sickness and 146 controls. Again, spectra were grouped into training (n=122) and test 

(n=109) sets. The training set was used to identify a distinct protein pattern, characteristic of 

sleeping sickness, made up of multiple differentially expressed protein peaks. When evaluated 

in the test set this proteomic fingerprint identified cases with a sensitivity of 100% and 

specificity of 98.6%. Adam et al. evaluated the use of SELDI-TOF MS in the diagnosis of 

prostate cancer, in 167 patients with cancer, 77 patients with benign prostatic hyperplasia and 82 

matched controls (162). In a training set (n=326) the authors developed a classification 

algorithm made up of 9 differentiating protein peaks. In the test set (n=60) the algorithm 

demonstrated a sensitivity of 83% and specificity of 97% for the diagnosis of prostate cancer. 
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Since the publication of these early SELDI-TOF MS biomarker discovery studies some of the 

potential limitations of this protein pattern approach have been highlighted (165-167). One 

potential problem is that of data overfitting (168). It has been suggested that the apparent 

discrimination between cases and controls demonstrated by these studies, may be explained 

simply by chance, due to the overfitting that may occur when a multivariable model is used to 

fit a very large number of possible predictors, as found with MS peaks, to discriminate between 

patients with and without disease (168, 169). An additional problem is the introduction of 

potential procedural bias, for example by systematic differences in the collection and pre-

analytical processing of samples e.g. case and control patients being collected at different 

geographical sites, using different equipment, at a different time of day (168). 

 

The use of a proteomic fingerprint approach to develop diagnostic algorithms, based on multiple 

SELDI-TOF MS peaks, makes no assumptions about the identities of the proteins constituting 

the fingerprint. In contrast, some more recent studies have used an alternative approach, 

focussing on a small number of differentiating protein peaks, the identities of which are 

established, and in some cases subsequently measured in the same or an additional dataset using 

more accurate tests such as an ELISA assay (170-174). Such an approach may avoid some of 

the potential limitations of applying SELDI-TOF MS to biomarker discovery. 

 

Agranoff et al. evaluated such an approach in the diagnosis of tuberculosis (TB) (170). 

Proteomic profiles were generated from serum using SELDI-TOF MS in 179 patients with TB 

and 170 controls, which were randomly allocated to training (n=193) and test sets (n=156). An 

algorithm was developed in the training set, which had a sensitivity of 94% and specificity of 

95% to distinguish cases from controls in the test set. The authors then established the identities 

of two of the most discriminative proteomic peaks as serum amyloid A1 and transthyretin. 

These proteins, as well as another two related proteins, were then measured in serum using 

ELISA assays in a second dataset, containing 18 patients with TB and 23 controls. In this 

second dataset a multivariable model, using the results of the 4 ELISA assays, gave a sensitivity 

of 88% and specificity of 74% for the diagnosis of TB. This approach has been successfully 

used be other investigators (171-174). 
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Figure 1-8 Example Of A SELDI-TOF Mass Spectrum 
The x-axis is the ratio of mass-to-charge (m/z), which corresponds to the molecular weight of 
each peak, and the y-axis represents the peak intensity. The upper spectrum shows a m/z range 
of 0 to 18,000. In the lower spectrum the 5,000 to 8,000 section has been enlarged. Multiple 
peaks can be seen in the spectra, which correspond to individual proteins or protein fragments. 
The peak height, or intensity, corresponds to the relative abundance of the individual protein in 
the sample being tested. 
 

 



 

 44  

1.6.3. Proteomic Biomarker Discovery In Cardiovascular Disease 

Although proteomic techniques have been employed widely in the search for biomarkers in 

patients with cancer and infectious diseases, they have also been used for plasma/serum 

biomarker discovery in cardiovascular disease (156, 175). Non-SELDI proteomic techniques 

have been used to identify plasma/serum biomarkers in patients with acute coronary syndromes 

and ischaemic stroke, and SELDI-TOF MS has been used to identify plasma biomarkers 

associated with peripheral arterial disease (PAD) and idiopathic pulmonary arterial hypertension 

(IPAH) (176-179). 

 

Wilson et al. compared SELDI-TOF mass spectra between patients with PAD (n=45) and 

matched controls (n=43), and found 5 differentially expressed protein peaks (178). Using 

western blot analyses and immunoaffinity studies the investigators identified three of these 

peaks as representing β2-microglobulin, cystatin C and lysozyme C. The authors subsequently 

validated their findings by measuring β2-microglobulin using an ELISA assay in a further 20 

PAD patients and 20 controls. Abdul-Salam et al. employed SELDI-TOF MS to screen for 

plasma biomarkers associated with IPAH, in 27 patients with IPAH and 26 controls (180). The 

expression of one protein peak was found to be significantly different between IPAH and 

control patients, and the identity of this peak was established as a truncated form of complement 

C4a. 

 

Proteomic techniques have also been employed to search for serum/plasma biomarkers in 

patients with heart failure or asymptomatic LVSD. 

 

Willingale et al. used matrix-assisted laser desorption ionisation  time of flight mass 

spectrometry (MALDI-TOF MS), a related proteomic technique to SELDI-TOF MS, to look for 

diagnostic markers of systolic heart failure (SHF) (181).  Plasma proteomic profiles were 

generated in a training set of 100 patients with SHF (LVEF <35%) and 100 healthy controls. An 

algorithm using 18 differentiating protein peaks diagnosed SHF with a receiver operator 

characteristic (ROC) score of 0.997 in the training set and 0.998 in a separate test set. The same 

group used similar techniques to examine the benefit of MALDI-TOF MS proteomic analysis in 

addition to NT-proBNP measurement in the diagnosis of SHF (182). In a training set of 100 

patients with heart failure and 100 controls, 6 proteomic peaks were identified with diagnostic 

power independent of NT-proBNP. In the training set ROC scores for the diagnosis of SHF 

were 0.91 for NT-proBNP alone, improving to 0.99 with the addition of a model including the 6 

proteomic peaks. These findings were consistent in the test set (ROC area 0.995). 
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Pinet et al. used SELDI-TOF MS to search for plasma markers of post-MI left ventricular 

remodelling (LVR) in 93 survivors of anterior q-wave MI enrolled in a multicentre study (183). 

Proteomic profiling was performed on blood taken on day 5 of hospitalisation. Patients were 

followed-up at 3 months and 1 year following MI with a transthoracic echocardiogram. Patients 

were divided into 3 groups (no, low or high remodelling) based on the degree of post-MI LVR, 

and mass spectra were compared between groups. Four protein peaks were differentially 

expressed between patients with no LVR and patients with high LVR, and were subsequently 

found to represent a post-translational variant of the α1-chain of haptoglobin (Hpa1) and 

haemoglobin.  

 

To date, there have been no studies evaluating a proteomic approach to identify plasma or serum 

biomarkers associated with overall mortality, SCD, or the occurrence of ventricular arrhythmias, 

in patients with LVSD. 
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1.7. Scar Assessment By LGE-CMR 

1.7.1. Overview 

Gadolinium-DTPA (Gd-DTPA) is a contrast agent used in cardiac magnetic resonance (CMR) 

imaging, that rapidly diffuses outside the capillaries but is unable to cross intact cellular 

membranes (184). In the normal myocardium, tissue volume is predominantly intracellular, and 

therefore the uptake of Gd-DTPA is low (185). However, in areas of diseased myocardium the 

uptake of Gd-DTPA is increased, and the tissue appears hyperenhanced on CMR images (185). 

In the setting of myocardial necrosis, found in the context of MI, Gd-DTPA passively diffuses 

across the ruptured myocyte membranes into the intracellular space (Figure 1-9) (184). In the 

presence of collagenous scar tissue, the extracellular space is expanded in comparison to normal 

myocardium, leading to accumulation of Gd-DTPA and consequent hyperenhancement. 

 

1.7.2. LGE-CMR to Predict Outcomes in Patients with Low LVEF 

Late gadolinium enhancement cardiac magnetic resonance imaging (LGE-CMR) can accurately 

and reproducibly identify areas of myocardial scar tissue (186, 187). Furthermore, its high 

spatial resolution enables discrimination between subendocardial and transmural scar (186). The 

amount, as well as the transmural extent, of myocardial scar tissue on LGE-CMR has been 

shown to predict overall mortality in patients with CAD independently of reduced LVEF in a 

range of settings, including patients with an ischaemic cardiomyopathy, patients with a previous 

MI, and patients without previously diagnosed CAD (188-190).  

 

Kwon et al. evaluated the association between the extent of LV scar, measured by LGE-CMR, 

and a composite end-point of all-cause mortality or cardiac transplantation, in an observational 

study of 349 patients with CAD and severely reduced LVEF (mean LVEF 24%) (188). Over a 

mean follow-up of 2.6±1.2 years there were 56 events (51 deaths and 5 transplants). In 

multivariable analysis the strongest predictor of the composite end-point was the amount of LV 

scar (p=0.005), quantified as a percent of the total myocardium, whilst LVEF was not a 

significant predictor. Roes et al. evaluated the prognostic significance of LV scar in 231 patients 

with previous MI (189). During a median follow-up of 1.7 years 19 patients died. The degree of 

LV scar on LGE-CMR, quantified both as the spatial extent of scar (p<0.001) and the amount of 

transmural scar (p=0.003), predicted mortality. Cheong et al. studied the association between 

the extent of scar and a composite end-point of death or cardiac transplantation, in 857 

consecutive patients who underwent LGE-CMR at a single centre (190). During a median 

follow-up of 4.4 years 252 patients reached the composite end-point. In multivariable analysis, 

the amount of LV scar was an independent predictor of the composite end-point both in the 642 

patients with CAD (p=0.018) and the 215 patients without CAD (p=0.004). 
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However, although the association between the extent of LV scar, quantified by LGE-CMR, and 

overall mortality is well established, since both SCD and non-sudden death contribute to overall 

mortality in patients with CAD it is unclear how accurately it predicts the occurrence of SCD, 

and therefore its use in selecting patients for ICD therapy. 
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Figure 1-9 LGE-CMR Image Of Left Ventricular Scar 
Short axis LGE-CMR image through the mid-LV cavity in a patient with a full thickness 
inferoseptal MI (arrows). The normal myocardium is black while the infarcted area has taken up 
gadolinium and appears brighter. 
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1.8. Key Areas Of Uncertainty 

The preceding literature review has demonstrated a number of areas of uncertainty regarding the 

current use of ICD therapy. Key amongst these are issues regarding the epidemiology of ICD 

utilisation in England and Wales, as well as SCD risk stratification and patient selection for ICD 

therapy. 

 

1.8.1. The Epidemiology of ICD Use 

The true need for prophylactic ICD implantation in England and Wales is not known. NICE 

initially published national guidance on ICD implantation in 2000. Early studies suggested that 

using the initial NICE criteria the incidence of ICD indications was far in excess of 

contemporary implant rates (69). In 2006 NICE revised their guidelines broadening the 

indications for prophylactic device use (72). The updated guidelines are likely to significantly 

increase the required implant rate and the current need for prophylactic ICD therapy for patients 

with CAD is unknown. 

 

Despite national guidance concerning the use of ICD therapy there is significant regional 

variation in ICD implant rates within England and Wales (63). It is not possible to explain these 

geographical differences on variations in the prevalence of CAD, the primary condition 

underlying SCD risk, and the reason for this regional disparity is unknown. One possible factor 

that has not been investigated in a UK setting is the impact of clinical setting (regional centre vs. 

district general hospital) on implantation rates. 

 

1.8.2. SCD risk Stratification and Patient Selection for ICD Therapy 

Although ICD therapy effectively reduces mortality in patients at high SCD risk identifying 

patients for a prophylactic device remains a challenge. LVEF assessment plays a key role in 

contemporary ICD guidelines, including NICE guidance. However its predictive accuracy is 

poor with low sensitivity and specificity for predicting SCD (93, 94). There is a significant need 

for more accurate SCD risk stratification tools to improve the clinical and cost-effectiveness of 

ICD therapy. Three specific areas that warrant further evaluation in the risk stratification of 

SCD are: 

 

(i) The potential role of BNP (or NT-proBNP) in predicting SCD. A number of studies have 

evaluated the association between BNP and the occurrence of SCD and ventricular 

arrhythmias. However, many of these have been limited by small sample size and the 

accuracy of BNP in predicting SCD and ventricular arrhythmias is unclear. 
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(ii) The potential role of left ventricular scar quantification by LGE-CMR in predicting SCD. 

The association of the extent of left ventricular scar, quantified by LGE-CMR, and 

overall mortality in patients with CAD is well established. However, it is unclear how 

strongly it is associated with the occurrence of SCD, and therefore its potential utility in 

selecting patients for ICD therapy. 

 

(iii) The potential use of proteomic techniques in identifying prognostic biomarkers in patients 

with LVSD. Proteomic techniques have been successfully used to identify biomarkers in 

a range of cardiac and non-cardiac conditions. However their potential utility in 

identifying prognostic biomarkers in patients with LVSD has not been evaluated. 

 

Prophylactic ICD therapy improves overall survival in patients selected using an LVEF-based 

risk stratification model (22). However, there are subpopulations of implanted patients that do 

not derive significant benefit from their device (50, 102). Some implanted patients never receive 

device therapy during long term follow-up, while others, who have either advanced heart failure 

or other co-morbidities, have high mortality which is not significantly reduced by ICD therapy 

(96, 98, 101, 103). Identifying these patient groups is an important component of refining the 

application of ICD therapy, however there is currently no consensus on how best to do this. 

Biomarkers are available that reflect multiple complementary pathophysiological pathways in 

heart failure, and as such are powerful predictors of prognosis in patients with LVSD (111). 

However, the value of biomarkers in identifying patients with greatest potential to gain benefit 

from ICD therapy is not known. 

 

There is a significant clinical need to identify those patients who have the greatest potential to 

benefit from ICD therapy. 
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1.9. Aims 

Given the need to improve the application and uptake of ICD therapy the specific aims of this 

thesis were: 

(i) To estimate the requirement for ICD therapy for the primary prevention of SCD post-

MI, based on the revised NICE guidelines (2006) (Chapter 3). 

(ii) To assess the effect of clinical setting (regional cardiothoracic centre vs. district general 

hospital) on ICD prescription rates (Chapter 4). 

(iii) To use meta-analytical techniques to evaluate the accuracy of BNP/NT-proBNP to 

predict SCD and the occurrence of ventricular arrhythmias in published studies 

(Chapter 5). 

(iv) To assess the value of biomarkers in identifying patients’ potential for survival benefit 

from ICD therapy (Chapter 6). 

(v) To use proteomic techniques to identify serum biomarkers associated with LVSD, and 

prospectively explore the association of these proteomic biomarkers with mortality and 

the occurrence of ventricular arrhythmias in a cohort of patients with ICDs on the 

background of LVSD (Chapter 7). 

(vi) To assess whether the extent of left ventricular scar, quantified by LGE-CMR, is 

associated with the occurrence of appropriate ICD therapy in patients with ICDs and 

CAD (Chapter 8). 
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1.10. Hypotheses 

With reference to the specific aims described above this thesis tested the following hypotheses: 

(i) There is significant underuse of ICD therapy for the primary prevention of SCD in 

patients following MI in England and Wales. 

(ii) The prescription of ICD therapy is influenced by clinical setting, and is significantly 

higher in areas served by a regional cardiothoracic centre than a district general 

hospital. 

(iii) The biomarkers BNP/NT-proBNP predict the occurrence of SCD and appropriate ICD 

therapy with comparable accuracy to currently available risk stratification tests such as 

LVEF. 

(iv) That individual serum/plasma biomarkers can identify patients who are unlikely to gain 

significant benefit from ICD therapy. 

(v) That a high-throughput proteomic approach, using SELDI-TOF MS, can identify serum 

biomarkers associated with LVSD and that these proteomic biomarkers are associated 

with prognosis in ICD recipients with LVSD. 

(vi) That in patients with CAD, LV scar burden, quantified by LGE-CMR, may be more 

strongly associated with the occurrence of appropriate ICD therapy, as a surrogate for 

arrhythmic SCD, than LVEF. 
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2. GENERAL METHODS 

2.1. Approach 

This thesis contains 6 separate data chapters, each corresponding to a separate study or analysis, 

and designed to test hypotheses (i) through to (vi) described previously. Chapters 3, 4 and 8 

detail separate retrospective observational studies designed to address hypotheses (i), (ii) and 

(vi) respectively. Chapter 5 is a meta-analysis of published data addressing hypothesis (iii). 

Chapters 6 and 7 describe two separate analyses of data from one prospective study, evaluating 

the role of serum/plasma biomarkers in patient selection for ICD therapy, and address 

hypotheses (iv) and (v) respectively. 

 

2.2. Ethical Considerations 

The prospective study, evaluating the role of serum/plasma biomarkers in patient selection for 

ICD therapy (Chapters 6 and 7), was undertaken in accordance with the Declaration of Helsinki 

of the World Medical Association. It was also performed with the approval of the Southampton 

and South West Hampshire Research Ethics Committee (local ethics number 08/H0502/54) and 

the University Hospital Southampton NHS Foundation Trust Research and Development 

department (study number CAR0357). 

 

All patients participated in the prospective study voluntarily. They were all deemed competent 

to consent and able to consider fully and rationally the implications of taking part. They were 

provided with adequate information in the form of a detailed patient information sheet and also 

given the opportunity to discuss further with the principal investigator. The written informed 

consent of each patient was obtained before entry into the study. Participants were able to 

withdraw consent at any time without hindrance or detriment to their future treatment. Measures 

were taken to safeguard patient confidentiality. The use of identifiable information was 

minimised and data anonymised wherever possible. Research records, both paper and electronic, 

and anonymously labelled specimens were stored in a secure manner only accessible to 

authorised personnel. Confidential information was used only for the purpose it was obtained 

and no individual was identifiable from published results. 

 

The studies assessing the requirement for ICD therapy for the primary prevention of SCD post-

MI (Chapter 3), the effect of clinical setting on ICD prescription rates (Chapter 4), and the 

association of LGE-CMR scar quantification with the occurrence of appropriate ICD therapy 

(Chapter 8) were all retrospective observational studies and therefore did not require Research 

Ethics Committee approval. 



 

 54  

2.3. Subject Recruitment 

Patients in the prospective study, evaluating the role of serum/plasma biomarkers in patient 

selection for ICD therapy, were recruited from patients attending the Wessex Cardiothoracic 

Unit (Southampton University Hospital) device service. Two different patient populations were 

enrolled: 

 

(i) Control Patients. This group comprised patients with a permanent pacemaker (PPM) 

and preserved LVEF. Patients with a high percentage of right ventricular pacing 

(>30%), or history, signs or symptoms of heart failure, were excluded.  

 

(ii) Left Ventricular Systolic Dysfunction Patients. This group comprised patients with 

LVSD, and an ICD or cardiac resynchronisation defibrillator (CRT-D). All patients 

were on stable optimal medical therapy. None had heart failure admissions or therapy 

changes in the six weeks prior to enrolment. 

 

Additional exclusion criteria for both groups were pregnancy, an acute coronary syndrome or 

surgery of any type within the preceding 6 weeks.  

 

One hundred and thirty-seven patients enrolled in the prospective study were included in both 

analyses described in Chapters 6 and 7.  

 

2.4. Setting 

The first study, assessing the incidence of ICD indications for the primary prevention of SCD 

following MI (Chapter 3) was performed at Portsmouth Hospitals NHS Trust. The other studies 

(Chapters 4 and 6-8) were performed at Southampton University Hospitals NHS Trust. 

 

Portsmouth Hospitals NHS Trust is a large District General Hospital Trust, providing local 

hospital services to a population of approximately 560,000 people. Southampton University 

Hospitals NHS Trust provides local hospital services to around half a million people that live in 

Southampton and south Hampshire. It also provides a regional cardiothoracic service, including 

complex coronary intervention, interventional electrophysiology and devices, and cardiothoracic 

surgery, to approximately 2.8 million people in central southern England. 

 

Both local areas served by the two hospitals have higher rates of heart disease than the national 

average, especially in younger patients. The directly standardised rates (per 100,000) of death 

due to CAD for all ages (2003-2007), were 117 (95% confidence intervals [CI] 111-123) for 
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Portsmouth City Primary Care Trust (PCT), 106 (95% CI 101-112) for Southampton City PCT, 

and 95 (95% CI 95-95) for England as a whole (191). The equivalent values for people under 75 

years of age were 104 (95% CI 97-110) for Portsmouth City PCT, 99 (95% CI 93-105) for 

Southampton City PCT, and 45 (95% CI 45-45) for England as a whole. 

 

2.5. General Statistics 

Data were collected and stored in accordance with the Data Protection Act. Statistical analyses 

were performed using Statistical Package for Social Sciences version 17 (SPSS Inc., Chicago, 

IL, USA), Review Manager 4.2.8 (Cochrane Collaboration, Oxford, United Kingdom) and 

Meta-Disc 1.4 analysis software (192). 

 

Categorical variables are expressed as percentages (numbers). Continuous variables are 

expressed as mean ± standard deviation if normally distributed, and as median (lower quartile to 

upper quartile) if not normally distributed. Group comparisons of categorical data were 

evaluated using the x2 test. For normally distributed continuous variables, group comparisons 

were made using a two-tailed, unpaired t-test. For non-normally distributed continuous 

variables, group comparisons were made using the Mann-Whitney U test for two groups. The 

Jonckheere-Terpstra test was used to assess the trend across more than two groups.  

 

In prospective studies, predictors of outcomes were investigated in Cox proportional hazards 

models. In all analyses the proportional hazards assumption was checked using Schoenfeld 

residuals (193). 

 

In all analyses p <0.05 was considered significant, except for inclusion in multivariable models. 
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3. NEED FOR ICD THERAPY 

3.1. Introduction 

In 2000, NICE published its initial guidance on the indications for ICD therapy in England and 

Wales. Since then the evidence base for the use of ICD therapy for the primary prevention of 

SCD following MI has extended, and in 2006 NICE guidance was updated to take account of 

these expanded indications (Table 1-2) (58, 59, 72). It remains uncertain what impact the 

revised NICE guidance will have on absolute ICD implantation rates and the associated health 

resources. Previous studies assessed the incidence of ICD requirements based on the initial 

guidelines (69-71). However, the revised indications are likely to increase this rate and the true 

need for ICD implantation for primary prevention post-MI is not known.  

 

The aim of this study was to estimate the requirement for ICD therapy for the primary 

prevention of SCD post-MI, based on the revised NICE guidelines (2006). The study tested the 

hypothesis that there is significant underuse of ICD therapy for the primary prevention of SCD 

in patients following MI in England and Wales. 

 

3.2. Methods 

Portsmouth Hospitals NHS Trust is a large DGH Trust serving a population of approximately 

560,000 people. All patients with acute MI are admitted via a single site. Using ICD-10 clinical 

coding all patients during a 6 month period from February to July 2006 with any discharge 

diagnosis of MI were identified. All transthoracic echocardiograms (TTE) reports are stored on 

a database (Tomcat Systems Ltd, Belfast, NI), which was searched to obtain TTE reports during 

or early after hospital admission. If there were multiple reports the most recent was used. 

Hospital notes were reviewed for patients whose LV systolic function was reported as “severely 

impaired” (or “severe dysfunction”) or “moderate-severely impaired” (or “moderate-severe 

dysfunction”).  Age, sex and type of infarct (ST-elevation or non ST-elevation) were recorded. 

The most recent electrocardiogram (ECG) prior to discharge (or death) was evaluated and QRS 

width noted. Documented contraindications to an ICD and evidence of ventricular arrhythmias 

which might meet secondary prevention guidelines for an ICD were also noted. 

 

NICE criteria (Table 1-2) were used to estimate the incidence of potential post-MI primary 

prevention ICD indications in the cohort. With reference to TTE assessment of LV systolic 

function, based on the departmental reporting criteria, a pragmatic assumption that “severely 

impaired” reflected LV ejection fraction (LVEF) <30% and “moderate-severely impaired” 30-

35% was made. As there was no systematic screening for post-MI primary prevention ICD 

indications in the hospital at the time of the study, anticipated results from Holter monitoring 
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and EPS were extrapolated from published data (Table 3-1) (85, 86, 194-197). Patients who 

died within 4 weeks of their MI (as they would not meet NICE guidance), had a “secondary 

prevention” indication for an ICD, or had a documented contraindication to an ICD were 

excluded. 

 

 

Table 3-1 Assumptions Used To Calculate The Incidence Of Primary Prevention ICD 

Indications In Post-MI Patients 
 

• 35-36% of patients surviving an MI with EF <35% and NSVT on Holter monitoring will 

have a positive EPS (85, 86). 

• 12-41% of patients surviving an MI with EF <35% will have NSVT on Holter monitoring 

(194-197).  

 

 

3.3. Results   

Five hundred and forty-six patients admitted to hospital during the 6 month study period with an 

ICD-10 diagnosis of MI were identified. Four hundred and four (74%) had reported TTEs, of 

which 50 had estimated LVEF <35%. Of these 50 patients, 1 set of notes was unavailable and 

therefore 49 were evaluated in more detail - 27 with “severely impaired” and 22 with 

“moderate-severely impaired” LV systolic function (Table 3-2). Under NICE guidance all post-

MI patients with LVEF <35% should be considered for an ICD. However the need for further 

testing prior to device implantation depends on the severity of LV impairment. Patients with 

LVEF <30% require only a QRS width of ≥120msec, while patients with LVEF 30-35% require 

both NSVT on Holter monitoring and inducible VT at EPS. Consistent with NICE guidelines, 

these two patient groups were considered separately (Figure 3-1).  

 

Of the 27 patients with “severely impaired” LV systolic function (assumed equivalent to LVEF 

<30%), 6 died within 4 week of their MI, 4 had a “secondary prevention” indication for an ICD 

and 1 had limited life expectancy due to non-cardiac co-morbidity. Of the remaining 16, 7 

patients had a QRS width greater than or equal to 120msec and would have met the guidance for 

consideration of ICD implantation without need for further testing assuming LVEF remained 

<30% after 4 weeks. The remaining 9 with a narrow QRS would need to meet the same 

requirements as those with LVEF 30-35% (NSVT on Holter monitoring and inducible VT at 

EPS) and are discussed below (Figure 3-1).  
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Of the 22 patients with “moderate-severely impaired” LV systolic function (assumed equivalent 

to LVEF 30-35%), 2 died before 4 weeks and 2 had a “secondary prevention” indication for an 

ICD (Figure 3-1). To meet NICE criteria the remaining 18, in addition to the 9 with LVEF 

<30% but narrow QRS, would need to demonstrate NSVT on Holter monitoring and inducible 

VT at EPS. Making the assumptions outlined in Table 3-1 gives an estimate of between 1 and 4 

patients over the six-month study period requiring an ICD for this indication.  

 

Therefore, out of 546 post-MI patients identified over a six month period, between 8 and 11 met 

the NICE post-MI primary prevention criteria for potential ICD indication. Extrapolating this 

for the hospital catchment population (560,000 people), for the whole year, gives an incidence 

of 29-39 patients/million/year. 
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Table 3-2 Details Of 49 Patients With “Moderate-Severe” And “Severe” LV Dysfunction 

In The Cohort 

 
 Left ventricular systolic function as assessed on TTE 

Moderate-Severe 
dysfunction 

(n=22) 

Severe dysfunction 
(n=27) 

Age (years) 70 69.5 

Male Sex % (no.) 73 (16) 81 (22) 

Infarct Type % (no.)   

STEMI 45 (10) 30 (8) 

Non-STEMI 55 (12) 70 (19) 

QRS width % (no.)   

<120 ms 73 (16) 63 (17) 

120-149 ms 23 (5) 30 (8) 

>150 ms 0 (0) 7 (2) 

Paced 5 (1) 0 (0) 

Timing of TTE following MI % (no.)   

1-7 days 77 (17) 78 (21) 

8-14 days 14 (3) 11 (3) 

2-4 weeks 5 (1) 0 (0) 

4 weeks 5 (1) 11 (3) 

 
STEMI, ST-elevation myocardial infarction; Non-STEMI, non ST-elevation myocardial 
infarction. 
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Figure 3-1 Algorithm For Calculating ICD Indications 
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3.4. Discussion  

The published UK ICD data corresponding best to the study period give a new implantation rate 

of just over 40/million/year (2005) (198).  My estimate of 29-39/million/year relates only to 

post-MI primary prevention. A recent estimate of the incidence of ICD secondary prevention 

indications based on current NICE guidance was 76/million/year (69). Taken together these 

imply a combined ICD indication incidence of approximately 105-115/million/year. This 

suggests there is currently considerable under-provision of ICD therapy in the UK, though 

requirements may not be as high as some studies have proposed (69, 70). 

 

An increase in device use to achieve the estimated implantation rate based on my findings 

would have significant cost implications. Using the published NICE costing of £20102 per 

device, which includes follow-up appointments and replacement/repair costs (though based on 

2004 costs), but not the potential cost saving of a reduction in cardiac events, would mean an 

extra cost of approximately £74-86 million ($152-177 million, 103-120 million Euro) per year 

to the NHS (199). 

 

The only other studies to assess the incidence of ICD indications based on NICE guidance used 

different methodology, and as they were published prior to the new guidance used the MADIT 

II study criteria for reference (58, 69, 70). Both studies produced significantly higher estimates 

of the overall incidence of patients requiring consideration for ICD implantation 

(453/million/year and 504/million/year), and there are a number of potential reasons for this 

disparity. The more inclusive MADIT II criteria did not use QRS width as a determinant – in 

my study only 37% of patients with LVEF <30% had a broad QRS. The new NICE guidance 

also states that patients must be at least 4 weeks after their infarct to be considered for device 

therapy – in my study only 78% of patients with LVEF <30% survived to this point. 

Furthermore in 2005, two years after the publication of the MADIT II trial, the highest total (not 

new) ICD implantation rate in Europe in 2005 was approximately 170/million/year (Germany), 

which is more in keeping with my estimate (198). 

 

In my cohort 9% of post-MI patients had an LVEF <35%, which is lower than in other studies 

(11-16%) (81, 194). The diagnosis of MI in my study was based on the modern, more inclusive 

diagnostic criteria using troponin. In contrast other published studies primarily enrolled patients 

with ST-elevation MIs, who are likely to have suffered larger infarcts with more myocardial 

damage. Contemporary treatment of acute MI may also contribute to better preservation of LV 

function. The number of patients with potential “secondary prevention” ICD indications in my 

cohort was 6, giving an incidence of 21/million/year, which is significantly lower than other 
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studies (69). This is likely to be related to my study methodology where only those patients with 

LVEF <35% were included; a “secondary prevention” indication but LVEF ≥35% will have 

been missed. In addition patients who presented with VF/VT without a significant troponin rise 

would also have been excluded. 

 

In this study I estimated the incidence rather than prevalence of ICD requirements. In order to 

screen for the prevalence in the study population one would need to assess the records of all 

patients with heart failure and CAD in both outpatient and inpatient settings. In view of the 

potential logistical difficulties, I felt that estimation of incidence would still provide meaningful 

data. However the estimate will be considerably lower than the equivalent prevalence. 

 

To improve the uptake of primary prevention device therapy the implementation of clinical 

pathways enabling the systematic identification and early assessment of potential candidates are 

needed. The 2006 NICE guidance advocates further testing for patients with LVEF 30-35% 

(Holter monitoring and EPS). It has been suggested that this guidance has not been widely 

followed because EPS, which is only available in larger cardiac departments, is perceived as a 

block (27). In my cohort the vast majority of patients requiring consideration for ICD 

implantation (64-88%) were identified purely by ECG criteria (QRS >120msec).  Therefore the 

incremental benefit of further testing in addition to TTE and ECG in identifying high risk 

patients is relatively small.  These data suggest that merely evaluating LVEF and QRS width 

should be an initial priority when setting up a robust assessment programme. 

 

3.4.1. Limitations 

Some of the data were incomplete. Approximately three-quarters of patients with a discharge 

diagnosis of MI had a TTE. Although this may have led to an underestimation of the ICD 

indication incidence it is highly likely that patients who did not have a TTE were less likely to 

have had an ICD indication. For example, in some instances the primary reason for admission 

will not have been an MI and these patients may be less likely to have an inpatient TTE. 

Patients with a clinically small infarct and no evidence of heart failure may also be less likely to 

receive an echo. However even if it is assumed that the group of patients for whom full data 

were unavailable were identical in terms of spread of clinical features to those for whom data 

were complete, the adjusted rate would be approximately 39-52/million/year and as such 

unlikely to dramatically alter my conclusions. 

 

At the time of the study there was no screening program for post-MI primary prevention ICD 

implantation at Portsmouth Hospitals NHS Trust, and most TTEs were performed in the week 

after admission. Following MI early LV remodelling may occur and according to NICE 
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guidance assessment of ICD need should be made with evaluation of LVEF at least 4 weeks 

post-MI. As such this study truly estimates the number of patients requiring further assessment 

for contemplation of ICD implantation as opposed to an absolute indication for device therapy. 

Both beneficial and adverse LV remodelling can occur and I consider that my estimate of ICD 

requirement represents a realistic approximation. Furthermore, I believe it provides valuable 

insights into the services that need to be introduced to make a timely assessment of such 

patients.  

 

TTE, though the most widely used tool to assess LVEF, suffers from intra- and inter-observer 

variability and some patients have limited echo windows. However TTE remains the 

investigation of choice when assessing cardiac structure and function in clinical practice and 

was the method used in the majority of ICD trials (58, 59, 200). In Portsmouth Hospitals NHS 

Trust’s Cardiac department, LV systolic function is described qualitatively, and in converting 

this into an approximate ejection fraction I have had to make some assumptions. However, this 

study reflects ‘real world’ practice in a busy DGH where the majority of acute infarcts will 

present.  It is likely that by taking this approach I have identified the vast majority of cases that 

would require further detailed assessment of LVEF in early follow-up. 

 

In common with other National and International guidelines, current NICE guidance relies 

heavily on LVEF as the primary determinant for ICD need (36). The use of qualitative 

assessments of LV function, as in this study, and the inherent problems in converting these into 

an LVEF, highlight the potential difficulties of the assessment of LVEF. Accurate and 

reproducible estimation of LVEF is an essential pre-requisite for any potential ICD screening 

program, and it may be that the more widespread use of other imaging modalities needs to be 

considered. 

 

3.5. Conclusions 

This study highlights the current significant under-provision of ICD therapy for the primary 

prevention of SCD post-MI in the UK. The latest published UK ICD data give a new 

implantation rate of ~40/million/year. Combining my results with published data for NICE 

secondary prevention indications, gives a combined ICD indication incidence of approximately 

105-115/million/year. In order to improve the uptake of primary prevention device therapy the 

implementation of clinical pathways that enable the systematic identification and early 

assessment of potential candidates are needed. Implantation rates for primary prevention 

indications are unlikely to significantly improve until there is widespread introduction of such 

programs. 
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4. CLINICAL SETTING 

4.1. Introduction 

Despite national guidance surveys have consistently found considerable regional variation in 

ICD utilisation in England and Wales (72, 73). The most recent survey, in 2006, demonstrated a 

nearly three-fold difference in new ICD implantation rates between the lowest (26/million) and 

highest (73/million) implanting regions (63). Although the appropriate rate of ICD use in the 

UK is not known, my research, the results of which are detailed in Chapter 3, as well as studies 

by other investigators, have estimated that the implantation rate based on published guidelines 

should be between 105-504/million/year (69, 70). It is therefore likely that these differences 

reflect a significant underuse in regions with low implant rates. In order to improve ICD uptake 

in the UK it is important to understand the reasons underlying this regional variation.  

 

The aim of this study was to assess the effect of clinical setting (regional centre vs. DGH) on 

ICD prescription rates in a UK setting. The study tested the hypothesis that the prescription of 

ICD therapy is influenced by clinical setting, and is significantly higher in areas served by a 

regional cardiothoracic centre than a DGH. 

 

4.2. Methods 

The Wessex Cardiothoracic Unit is the regional ICD implanting centre for the Central South 

Coast Cardiac Network. It serves 8 DGHs, covering a population of approximately 2.8 million 

people. All new ICD implants performed at the Wessex Cardiothoracic Unit over a 4 year 

period (2005 –2008) were retrospectively audited. To prevent underestimating implant rates 

only patients from hospitals for which the Wessex Cardiac Unit was the sole ICD implanting 

centre for the duration of the study period were included. Patients from DGHs with an 

implanting service, or that were known to refer patients to another implanting centre, were 

excluded. The lead Consultant Cardiologist or Cardiologist with an interest in devices from the 

remaining DGHs was contacted to determine their ICD referral pathways, and again hospitals 

that referred patients to another centre were excluded. From the original 8 DGHs, 5 were 

excluded – 2 that had an implanting service and 3 that referred patients to another implanting 

centre. This left patients from 4 different hospitals in the analysis – 1 regional centre and 3 

DGHs. 

 

Patients’ hospital notes were reviewed and the referring hospital determined. For patients 

admitted to hospital as an emergency their initial admission hospital was taken as the referring 

hospital. For patients admitted electively the hospital where they were initially seen by a 

cardiologist was taken as the referring hospital. Patients from out of region (e.g. visiting or on 



 

 66  

holiday) were excluded from the analysis. To assess for evidence of referral bias, resulting from 

patients being referred straight from primary care to the Regional centre and bypassing their 

local DGH, the postal addresses of all patients in the Regional Centre group were checked to 

determine whether they were within the regional centre catchment area. 

 

Patients were categorised into 3 different groups depending on their referring hospital type – 

regional centre (1 hospital), DGH with a device specialist but without an implanting service (1 

hospital), DGH without a device specialist and no implanting service (2 hospitals). For patients 

referred from each hospital type, the overall yearly ICD implant rates based on the local 

population were assessed. Patients with NICM are specifically excluded from the latest NICE 

guidance on primary prevention ICD use. Therefore to assess the relationship between hospital 

type and primary prevention ICD use, implant rates for the primary and secondary prevention of 

CAD were calculated. Figures for local hospital populations were taken from data published by 

each hospital. For the group composed of 2 different DGHs an overall implant rate was 

calculated based on the combined population. Both ICDs and CRT-Ds were included. For the 

purposes of the study, patients who presented with syncope whose subsequent investigation led 

to device implantation were classified as secondary prevention. Group comparisons of 

categorical data were evaluated using Yates’ x2 test. 

 

4.3. Results 

During the study period there were 459 new ICD implants. After exclusion of patients from the 

five DGHs implanting devices or referring patients to other centres, 381 patients from 4 

different hospitals were included in the analysis. Patient characteristics are shown in Table 4-1. 

The majority of patients were male (80%) and had CAD (70%). Most patients received a dual 

chamber ICD (48%) or a CRT-D device (31%). The use of EPS decreased during the study 

period from 61% of implants in 2005, to 28% in 2006, 18% in 2007, and 25% in 2008. Overall 

only 29% of patients who had a CAD primary prevention ICD implanted had EPS to guide 

device use. 

 

The overall ICD implant rate was 68/million/year, which remained static over the 4 year study 

period (Table 4-2). The overall implant rate for CAD was 47/million/year, which again was 

relatively constant. At the start of the study period in 2005 only a minority of the CAD implants 

were for primary prevention indications (29%). However the proportion of prophylactic devices 

implanted increased such that in 2008 nearly half of devices (45%) were implanted for this 

indication. 
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Overall implant rates were significantly higher in areas where the local hospital was a regional 

cardiothoracic centre (103/million/year), compared to DGH with a device specialist 

(49/million/year) and DGH without a device specialist (48/million/year). These findings were 

consistent throughout the study period (Table 4-2). The disparity in implant rates between 

different hospital types was greatest with respect to CAD primary prevention indications – 

regional centre (29/million/year), DGH with a device specialist (14/million/year), and DGHs 

without a device specialist (9/million/year). The proportion of devices implanted for CAD 

primary compared to secondary prevention indications was significantly higher in patients from 

an area served by a regional centre than a DGH without a device specialist (p=0.04). During the 

study period the CAD primary prevention implant rate for patients served by a regional centre 

did not greatly alter (range 26-34/million/year).  However, the primary prevention implant rate 

progressively increased in the areas served by a DGH with (7 to 27/million/year) or without (6 

to 14/million/year) a device specialist. 

 

Of the 205 patients in the regional centre group, 8 had been referred from primary care directly 

to the regional centre, bypassing their local DGH. Of these 8, 4 were from the catchment areas 

of local DGHs that had been excluded from the analysis, 2 were from the catchment area of the 

DGH with a device specialist and 2 from the DGHs without a device specialist. 

 



 

 68  

Table 4-1 Characteristics Of 381 Patients Included In The Analysis 
 

 
Regional 

Cardiothoracic  
Centre 

(n=205) 

DGH with 
device 

specialist but 
not implanting 

(n=109) 

DGH without 
device 

specialist or 
implanting 

(n=67) 

Overall 
(n=381) 

Age (years) 65 65 65 65 

Male Sex % (no.) 80 (165) 76 (83) 82 (55) 80 (303) 

Type of heart disease % (no.)     

CAD 65 (134) 74 (81) 75 (50) 70 (265) 

NICM 18 (37) 12 (13) 13 (9) 15 (59) 

Other 17 (34) 14 (15) 12 (8) 15 (57) 

Admission type % (no.)     

Elective 52 (106) 50 (54) 36 (24) 48 (184) 

Emergency 48 (99) 50 (55) 64 (43) 52 (197) 

Device Type % (no.)     

ICD single chamber 18 (36) 25 (27) 25 (17) 21 (80) 

ICD dual chamber 46 (95) 50 (54) 48 (32) 48 (181) 

CRT-D 36 (74) 26 (28) 27 (18) 31 (120) 

CAD ICD indication % (no.)     

Primary prevention 43 (58) 33 (30) 26 (13) 38 (101) 

Secondary prevention 57 (76) 63 (51) 74 (37) 62 (164) 
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Table 4-2 ICD Yearly Implant Rates By Hospital Type 
 

 
 

 ICD implant rate (per million population) 

 2005 2006 2007 2008 Overall 

All hospitals      

Total 74 70 62 65 68 

CAD Primary prevention 16 17 16 23 18 

CAD Secondary prevention 39 27 23 28 29 

Regional Cardiothoracic Centre      

Total 106 130 96 78 103 

CAD Primary prevention 34 30 26 26 29 

CAD Secondary prevention 44 42 30 36 38 

DGH with device specialist but not implanting      

Total  48 41 43 62 49 

CAD Primary prevention 7 13 9 27 14 

CAD Secondary prevention 32 18 18 23 23 

DGH without device specialist and not implanting      

Total  69 32 43 49 48 

CAD Primary prevention 6 6 11 14 9 

CAD Secondary prevention 43 20 23 23 27 
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4.4. Discussion 

These results show a significant variation in ICD implantation rates between areas served by 

different hospital types. There was approximately a two-fold difference in implant rates between 

areas whose local hospital is a regional cardiothoracic centre and those whose local hospital is a 

DGH. The difference in implant rates was most significant with respect to CAD primary 

prevention indications, where overall implant rates were 2-3 times higher in an area served by a 

regional centre. Although the appropriate rate of ICD use in the UK is not known, studies have 

estimated the likely implantation rate based on published guidelines to be between 105-

504/million/year. It is therefore likely that these differences reflect an underuse in DGHs rather 

than an overuse in the regional centre, and in fact may actually represent an underuse in regional 

centres as well, though not as great as in DGHs. This is supported by the significantly higher 

implant rates in other European countries and North America (63). 

 

The findings are consistent with the most recently published UK Pacemaker and ICD National 

Survey covering 2004-2006 (63). Over the 3-year survey period the Southampton City Primary 

Care Trust (PCT), whose local hospital is a regional cardiothoracic centre, had the highest 

regional annual ICD implantation rate with an average 66/million. In comparison two PCTs 

served by local DGHs without device specialists, had average yearly implant rates of 32-

34/million. Another PCT, served by a DGH with a device specialist, had an average annual 

implant rate of just over 50/million. In the national survey CRT devices, which included both 

CRT pacemaker and CRT-D devices, were counted separately and data concerning the 

proportion of CRT devices that had defibrillation capacity were not given. There is likely to be 

significant variation in practice with regard to the use of resynchronisation therapy in patients 

undergoing ICD implantation (201). Furthermore PCTs do not directly correspond to hospital 

catchment areas. For these reasons it is difficult to directly compare my data with those from the 

survey, or make meaningful comment on the pattern of device use in areas served by other 

regional centres, without further information concerning local practice. 

 

Although most patients in England and Wales are seen in their local hospital, General 

Practitioners can choose to refer patients to other secondary care providers, which could 

potentially affect the results. There was some evidence of referral bias, with respect to patients 

being referred from primary care directly to the regional centre, bypassing their local DGH. In 

most cases the reason for this was that patients had been seen at the regional centre previously 

for a cardiac problem. The number of patients involved (8 patients) was small and therefore 

would not affect the nature of my conclusions. 
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The effect of hospital type and size on ICD implant rates has been assessed in other healthcare 

systems. Birnie et al. evaluated the use of ICDs in 82,331 Canadian and US survivors of out-of-

hospital cardiac arrest (202). They found that patients initially admitted to a teaching hospital 

were more than 3 times as likely to receive an ICD as those admitted to a non-teaching hospital, 

and those admitted to a larger hospital (defined as >100 beds) were 2.9 times more likely to 

receive a device than those admitted to a smaller one. Shah et al. analysed the use of ICDs in 

10,148 heart failure patients discharged from hospital who met criteria for prophylactic device 

therapy as part of the GWTG-HF (Get With The Guidelines–Heart Failure) US registry (66). 

They found wide (35-fold) variation in ICD use in eligible patients between hospitals. They also 

found that use of ICD therapy was higher in hospitals that were larger, had an academic 

affiliation, and provided cardiac procedures (e.g. percutaneous coronary intervention and 

coronary artery by-pass grafting). 

 

The reasons underlying my findings are likely to be multifactorial. The diffusion of new 

evidence-based innovations in healthcare is often slow, and the translation of knowledge into 

practice and penetration of guidelines are likely to be important factors in explaining the lower 

ICD use in DGHs (203). Countries with a greater number of device specialists, such as the USA 

and Germany, tend to implant a larger number of devices than those with fewer, such as the UK 

(60, 61, 63). Therefore the availability of device specialists and implanting centres, or the 

perceived length of wait to see a device specialist, may be important issues, especially in 

smaller DGHs where patients admitted with heart failure or a myocardial infarction are less 

likely to be managed by a cardiologist.  ICDs are an expensive technology and are associated 

with important morbidities, such as inappropriate device therapy and infection. Both these 

factors may concern referring physicians. The initial NICE guidance, published in 2000, 

required patients to be inducible at EPS to meet criteria for a prophylactic ICD. It has been 

suggested that EPS, only available in larger cardiac departments, was perceived as a block to 

patients receiving a prophylactic device (27). Although in the updated NICE guidance, 

published in 2006, EPS is not as central in determining device eligibility, this may still be an 

important issue. 

 

4.4.1. Limitations 

A small number of patients from the hospitals included in the analysis may have been referred 

to other implanting centres. However the number of patients concerned is likely to be small and 

as such unlikely to significantly influence my conclusions. This is supported by the results of 

the National ICD Survey, which suggests that at least for 2005-6, implant rates for areas served 

by DGHs in the Central South Coast Cardiac network are significantly lower than those served 

by the regional centre (63). As a result of problems with capacity, for a 3 month period at the 
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start of 2007 the Wessex Cardiothoracic Unit was closed to new referrals for device 

implantation. Prospective device patients will therefore have been referred to other implanting 

centres. Although again this may have led to an underestimation of the DGH implantation rates, 

the numbers are likely to be small and discounting the data for 2007 makes little difference to 

the results. Lastly, implant rates were not corrected for local demographics that may influence 

the incidence of device indications. However, this is unlikely to have made a significant 

difference to implant rates and therefore my conclusions. 

 

4.5. Conclusions 

These results suggest that ICD implant rates are affected by clinical setting and are significantly 

higher in areas served by a regional cardiothoracic centre compared to a DGH. In order to 

increase UK ICD implant rates both an increase in device specialists and the widespread 

implementation of clinical pathways to identify prospective primary prevention patients may be 

needed. 
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5. BRAIN NATRIURETIC PEPTIDE 

5.1. Introduction 

BNP is released by the heart in response to myocardial stretch and increased intravascular 

volume (125). BNP is a powerful predictor of mortality, independent of LVEF, in patients with 

chronic heart failure, asymptomatic LVSD, acute coronary syndromes and stable coronary 

disease (125). The role of BNP in predicting SCD and ventricular arrhythmias (VA) has also 

been investigated in a number of studies. However, many of these have been limited by small 

sample size, and the predictive accuracy of BNP is unclear. 

 

The aim of this study was to use meta-analytical techniques to evaluate the accuracy of 

BNP/NT-proBNP to predict SCD and the occurrence of VA in published studies. The study 

tested the hypothesis that BNP/NT-proBNP predict the occurrence of SCD and appropriate ICD 

therapy with comparable accuracy to currently available risk stratification tests. 

 

5.2. Methods 

5.2.1. Search Strategies 

MEDLINE, EMBASE, and CINAHL (January 1984–October 2008) were searched to find 

primary references and reviews together with published bibliographies and the Cochrane library. 

Studies were included that evaluated the relationship of BNP or NT-proBNP to SCD or VA. 

The following medical subject heading search terms were used: brain natriuretic peptide, 

natriuretic peptides, cardiac arrhythmias, sudden death, sudden cardiac death, ventricular 

tachycardia, ventricular fibrillation, predictive value of tests and implantable defibrillators. The 

search was restricted to English language literature and human subjects. The date limits were 

chosen because natriuretic peptides were not in research use prior to 1984. Studies where the 

results were reported so that a 2x2 table of results could not be constructed and those involving 

overlapping or duplicate cohorts of patients were excluded. 

 

5.2.2. Types Of Study 

Two categories of peer-reviewed papers were identified:  

(i) Studies examining the accuracy of BNP/NT-proBNP in predicting SCD in patients 

without ICDs.  

(ii) Studies examining the accuracy of BNP/NT-proBNP in predicting the occurrence of 

VA in patients with ICDs.  
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5.2.3. Data Extraction 

Studies were assessed for eligibility and data extracted by two independent investigators (myself 

and Dr James Barry). When there were differences between observers they reviewed the papers 

together to reach joint conclusions. Each reviewer extracted the data to construct a 2x2 table for 

each study. 

 

5.2.4. Statistics 

Results were analysed using Review Manager 4.2.8 (Cochrane Collaboration, Oxford, United 

Kingdom) and Meta-Disc 1.4 analysis software (192). Summary estimates of the univariate 

relative risk (RR) and likelihood ratios were calculated using the random effects model based on 

DerSimonian and Laird's meta-analytic statistical method (204). This gives more equal 

weighting to studies of different precision in comparison to a simple inverse variance weighted 

approach, so accommodating between study heterogeneity (205). In the case of papers that gave 

multiple cut-off points for BNP analysis, the score that gave the maximum overall accuracy was 

chosen. In the case of analyses with empty cells 0.5 was added to all cells to avoid 

computational errors. 

 

As studies used different cut-off points for defining raised BNP Spearman’s correlation 

coefficient between sensitivity and specificity was calculated (206). This looks for the presence 

of a threshold effect, where variations in sensitivity and specificity are related to differences in 

the cut-off point used to define an abnormal result. If there is no evidence of a threshold effect 

then likelihood ratios can be pooled. 

 

Subgroup analyses were performed based on patient populations. In the analysis of studies 

examining BNP to predict SCD in patients without ICDs, subgroups of studies that only 

enrolled patients with known structural heart disease or symptomatic heart failure, and those 

that only included patients with LVEF <40%, were evaluated. In the analysis of studies 

examining BNP to predict appropriate ICD therapy the subgroup of studies that only included 

patients with CAD was examined.  

 

Meta-regression analysis was performed using the linear weighted inverse variance method to 

evaluate the relationship between mean LVEF in each study and the log odds ratio of BNP as a 

predictor of SCD or appropriate ICD therapy (207).  

 

For all meta-analyses Cochran's χ2 test was performed to assess between study heterogeneity 

and the I2 statistic was quantified (208). In all analyses a P value less than 0.05 was considered 



 

 75  

as significant. Publication bias was assessed using a funnel plot and the correlation coefficient, 

Kendall’s tau, comparing sample size to RR (209). 

 

5.3. Results 

From the initial 1006 citations generated by the search strategy, 20 studies met the inclusion 

criteria. Six of these studies were excluded - 4 because 2x2 tables could not be constructed 

(210-213), one because there were no episodes of SCD during follow-up (214), and one was a 

duplicate cohort (215). This left 14 studies for analysis - 6 examining the accuracy of BNP in 

predicting SCD in patients without ICDs (Table 5-1) and 8 examining the role of BNP in 

predicting the occurrence of VA in patients with ICDs (Table 5-2). These two types of study 

were analysed separately. 

 

5.3.1. BNP to Predict SCD in Patients without ICDs 

The six studies included 3543 patients (138-142, 144). The mean age of the participants ranged 

from 40 to 66 years. The mean percentage of men ranged from 54 to 87. The mean LVEF 

ranged from 20 to 46%, while one study did not report LVEF (142). There was a wide variation 

of subject populations, including patients with congestive heart failure, patients with reduced 

LVEF, post-MI patients, and type 2 diabetics on haemodialysis. Four studies measured NT-

proBNP and two BNP. All studies expressed BNP as a dichotomous variable using either the 

median (1 study) or a “best cut-off” value (5 studies). 

 

During a mean follow-up of 19 months to 4 years there were 310 cases of SCD. SCD was more 

frequent in patients with raised BNP (RR 3.68; 95% CI 1.90, 7.14) (Table 5-3 and Figure 5-1). 

There was statistical heterogeneity between studies (P=0.003). Spearman's correlation between 

sensitivity and specificity was 0.257 (p=0.623) suggesting no evidence of a threshold effect. 

Therefore pooled positive and negative likelihood ratios were calculated (Table 5-3 and Figure 

5-2). The summary positive likelihood ratio (PLR) was 1.70 (95% CI 1.44 to 2.01) and negative 

likelihood ratio (NLR) 0.45 (95% CI 0.28 to 0.73). There was statistical heterogeneity for the 

PLR (P=0.0004) and NLR (P=0.0049). In the subgroup of five studies that included only 

patients with known heart disease (n=2104) the relative risk of SCD in patients with a raised 

BNP was 4.59 (95% CI 2.41, 8.74) (Table 5-3) (138-141, 144). In the subgroup of two studies 

that included only patients with LVEF <40% (n=530) the RR was 20.13 (95% CI 3.96 to 

102.37) (138, 140). 

 

A sensitivity analysis suggested the heterogeneity was accounted for by two studies that 

included patient populations at the extremes of heart disease severity (138, 142). In the study by 
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Berger et al. the mean LVEF was 20% (138). In the study by Winkler et al. evidence of heart 

disease was not an inclusion criteria, and although LVEF was not reported it is likely to have 

been significantly higher than the other studies (142). Excluding these studies, the pooled RR 

was not greatly altered (3.72, 95% CI 2.31, 6.0) with no heterogeneity (P=0.34, I² = 11%). 

Although the risk of SCD associated with a raised BNP tended to be higher in patients with a 

lower LVEF, meta-regression analysis showed no statistically significant influence of LVEF on 

the diagnostic odds ratio of BNP as a predictor of SCD (p=0.96). Though as only 5 studies gave 

detailed information concerning LVEF the power of this analysis is limited. There was no 

significant evidence of publication bias (Kendall's tau = 0. 47, P = 0.27). 
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Table 5-3 Summary Estimates Of Likelihood Ratios And Relative Risks In 14 Studies Of 

BNP To Predict SCD Or VA 

 

Summary 
estimates 

Relative Risk 
(95% CI) 

Positive 
Likelihood Ratio 

(95% CI) 

Negative 
Likelihood Ratio 

(95% CI) 

No of 
studies 

Studies to predict SCD 

All 3.68 (1.90, 7.14) 1.70 (1.44, 2.01) 0.45 (0.28, 0.73) 6 

Subgroups:     

Known heart 
disease 

4.59 (2.41, 8.74) 1.81 (1.53, 2.14) 0.36 (0.19, 0.67) 5 

LVEF ≤40% 20.13 (3.96, 102.37) 2.13 (1.1, 4.3) 0.082 (0.02, 0.39) 2 

Studies to predict appropriate ICD therapy 

All 2.54 (1.87, 3.44) 1.92 (1.46, 2.52) 0.54 (0.45, 0.65) 8 

Subgroups:     

CAD 2.76 (1.57, 4.84) 2.26 (1.41, 3.61) 0.50 (0.34, 0.73) 5 

 

 

 

 

 

Figure 5-1 Summary Of The Relative Risk Of SCD In Patients With An Elevated BNP 
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Figure 5-2 Summary Of Likelihood Ratios Of An Elevated BNP To Predict SCD 
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5.3.2. BNP to Predict VA in Patients with ICDs 

The eight studies enrolled 1047 patients (147-153, 155). The mean age of study participants 

ranged from 53 to 68 years, and percentage of patients that were male ranged from 77 to 97. 

There was some heterogeneity between studies with respect to design. Five studies only enrolled 

patients with CAD, while three included patients with other types of heart disease. Four studies 

measured BNP and four NT-proBNP. All studies expressed BNP as a dichotomous variable 

using either the median (4 studies) or a “best cut-off” value (4 studies). The majority of the 

studies (6) used the occurrence of appropriate ICD therapy for VT or VF as the primary end-

point, while one study used the occurrence of VT, and another SCD or appropriate ICD shock 

therapy. 

 

During a mean follow-up of 12 to 33 months 261 met the primary end-point. The primary end 

point was more common in patients with a high BNP (RR 2.54; 95% CI 1.87, 3.44) without 

heterogeneity (Table 5-3 and Figure 5-3).  Spearman's correlation between sensitivity and 

specificity was 0.167 (p=0.693) suggesting no evidence of a threshold effect, and therefore 

pooled likelihood ratios were calculated (Table 5-3 and Figure 5-4). The PLR was 1.92 (95% CI 

1.46, 2.52) with significant heterogeneity (P=0.0019). The NLR was 0.54 (95% CI 0.45, 0.65) 

with no significant heterogeneity. In the subgroup of 5 studies that included only patients with 

CAD (n=398) the RR was 2.76 (95% CI 1.57, 4.84) (Table 5-3) (147, 148, 150, 151, 153).  

 

A sensitivity analysis showed that the heterogeneity was sensitive to one small study by 

Klingenberg et al. that included only 50 patients (150). Removing this study did not 

significantly alter the result, with a pooled RR 2.30 (95% CI 1.83, 2.90) and no heterogeneity 

(P=0.38, I2=7%). Meta-regression analysis showed no statistically significant influence of 

LVEF on the diagnostic odds ratio of BNP as a predictor of ICD therapy (p=0.14). The funnel 

plot was asymmetrical, suggesting some evidence of publication bias, with smaller studies 

showing a more positive result (Kendall's tau = 0.71, P = 0.014). 

 



 

 82  

 

Figure 5-3 Summary Of The Relative Risk Of An Elevated BNP To Predict The 

Occurrence Of VA In Patients With ICDs 
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Figure 5-4 Summary Likelihood Ratios Of An Elevated BNP To Predict The Occurrence 

Of VA In Patients With ICDs 
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5.3.3. Comparison of BNP With Other Prognostic Markers 

Ten out of fourteen studies performed multivariable analyses including BNP or NT-proBNP to 

predict SCD or the occurrence of VA. Four of the six studies with SCD as an end-point 

performed multivariable analysis, all included LVEF and 2 NYHA class. In all 4 analyses BNP 

was an independent predictor of SCD, and in 3 it had either the highest risk ratio or was the only 

significant predictor. Six out of the eight studies with VA as an end-point performed 

multivariable analysis. All included LVEF and 4 NYHA class. BNP was predictive in 4 of 

these, being either the only significant predictor or with the highest risk ratio. One study 

compared the accuracy of NT-proBNP to EPS in predicting the occurrence of VA in 99 patients 

with CAD (153). While NT-proBNP was predictive in univariate and multivariable analysis 

EPS was not. 

 

5.4. Discussion 

I have performed a meta-analysis of BNP to predict malignant arrhythmias, including data on 

over 4500 patients. I have found that BNP predicted both the occurrence of SCD in patients 

without ICDs and the occurrence of VA in patients with devices. In patients without ICDs a 

raised BNP predicted nearly a four-fold increase in the risk of SCD compared to patients with a 

lower BNP. In the subgroup of patients with known heart disease there was over a four and a 

half-fold increase in risk. In patients with ICDs a raised BNP predicted over a two-fold increase 

in the risk of VA occurrence. 

 

These results are consistent with findings from previous clinical studies. In a recent systematic 

review, Doust et al. examined the accuracy of BNP to predict overall mortality in patients with 

heart failure or asymptomatic left ventricular dysfunction (128). They identified 19 prospective 

studies of patients with heart failure and 5 of patients with asymptomatic left ventricular 

dysfunction. The studies varied significantly in terms of design, with some studies assessing 

BNP as a continuous and others as a dichotomised measure, and primary outcome, with some 

studies using overall mortality and others cardiac events (variously defined). For this reason 

pooled estimates of effect were only given for some of the analyses, where studies could be 

appropriately combined. In heart failure patients, each 100 pg/ml increase in BNP was 

associated with a 35% increase in the relative risk of death. BNP also predicted overall mortality 

in the 5 studies of asymptomatic patients, though a pooled estimate was not calculated. 

Although the studies included in this review did not give detailed information about the mode of 

death (sudden vs. non-sudden), as SCD accounts for approximately half of morality in patients 

with heart failure, my results are in keeping with these findings (17). 
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My results are also consistent with findings from laboratory studies. BNP is predominantly 

released from the ventricles in response to myocyte stretch (125). Myocardial stretch results in 

several pro-arrhythmic electrophysiological changes that may lead to VA and SCD, including 

slowed intraventricular conduction, and the occurrence of ventricular ectopic beats and triggered 

after-depolarisations (216, 217). 

 

The studies included in my analysis used different cut-off points to define high-risk, which 

varied significantly between studies. In the analysis with SCD as the end-point, the ‘best-fit’ 

cut-off point was as low as >130 pg/ml in one study and as high as >4500 pg/ml in another, 

though this latter study enrolled patients with chronic renal failure, a condition known to raise 

BNP (138, 140). This variation in cut-off point is at least in part related to the significant 

heterogeneity in patient population between the different studies, especially in the studies that 

used a median value as the cut-off. From the currently available data it is not possible to draw 

any firm conclusions regarding the most appropriate cut-off point for clinical SCD risk 

stratification. In addition, different cut-off values may be chosen to optimise either sensitivity or 

specificity, depending on the desired use of the test and the population in which it is being used 

– either to identify high risk patients for consideration of an ICD or to exclude lower risk 

patients from the need for further testing. Furthermore, BNP measurement could be used as a 

continuous variable in a risk prediction model combined with other risk stratification tests (109). 

 

A consistent problem with many risk stratification tests designed to guide ICD use is a lack of 

specificity for SCD. Many, such as reduced LVEF, prolonged QRS, and the presence of NSVT, 

although indicative of a raised SCD risk are also strong predictors of non-SCD mortality (81). In 

the only study in my analysis to give full results concerning the ability of BNP to predict sudden 

and non-sudden cardiac death, it was a significant predictor of only SCD (144). However, given 

its proven ability to predict overall mortality in heart failure, as well as mortality in many other 

cardiac and non-cardiac conditions, a raised BNP is unlikely to be specific for SCD (125). 

 

The predictive properties of other risk stratification tests, including LVEF measurement, 

abnormal MTWA, the presence of NSVT on ambulatory monitoring, EPS, and heart rate 

variability, have been evaluated in meta-analyses (90, 218, 219). The relative risk of SCD 

associated with a raised BNP (RR 3.68) is comparable to these tests. However, it is unclear what 

additional prognostic information BNP gives over and above other risk stratification tools. In 8 

of the 10 studies in my analysis that performed multivariable analysis, BNP was a significant 

predictor of events with a lower p value than LVEF. However, with the exception of the study 

by Yu et al. that showed BNP to be superior to EPS (153), none of the multivariable models 
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included other tests such as EPS, MTWA, the presence of NSVT, signal-averaged ECG, or heart 

rate variability. 

 

Despite being the most important SCD risk stratification test in clinical practice the accurate 

assessment of LVEF can be problematic. When measured by echocardiography, the most 

commonly used imaging modality, the accuracy of LVEF estimation is in excess of ±10% for 

both visual estimation and calculation by Simpson’s rule (220). Furthermore measurement of 

LVEF does not provide an assessment of diastolic function, which also impacts on mortality. As 

a risk stratification tool BNP has potential benefits over LVEF measurement, as well as other 

currently available tests. It is simple, inexpensive, reproducible, non-invasive and widely 

available. These attributes make it highly suitable for serial testing to monitor VA risk over time 

- an approach which may have incremental benefit over a one-off measurement (142). 

Furthermore, rather than necessarily dichotomising risk as high or low, as many tests such as 

EPS or MTWA do, BNP expresses risk as a continuum and this too may be advantageous. The 

measurement of BNP may prove most useful in combination with other complementary risk 

stratification tools to improve ICD targeting, or, as some authors have suggested, to identify 

high-risk ICD recipients who may benefit from the use of altered device programming or 

prophylactic anti-arrhythmics to minimise shock therapy.  

 

5.4.1. Limitations 

My study has limitations. Delivery of ICD shock therapy is not always a surrogate for SCD 

(221). However, with current guidelines widening the recipient population for ICDs, the 

investigation of BNP as a predictor of SCD in higher risk patients is difficult as most such 

patients are indicated for and should already have an ICD (50). The majority of patients in the 

studies reviewed were men and whether the results can be generalised to women is not known. 

Although the use of beta-blockers and ACE-I was uniformly high in the studies enrolling 

patients with ICDs, their use in the studies with SCD as an end-point was variable. Indeed, in 

the study by Berger et al., only 30% of patients were taking beta-blockers (138). Also, in the 

studies that used SCD as an end-point the inclusion criteria were variable - one study by 

Winkler et al. (recruiting type 2 diabetics on haemodialysis) does not reflect the population that 

would currently be considered for an ICD (142). There was some evidence of publication bias in 

the analysis of patients with ICDs, with smaller studies showing a larger effect. Smaller studies 

are more likely to be affected by publication bias and I could have excluded these (222). 

However, half of the studies enrolled less than 100 patients and I wanted to be as inclusive as 

possible in my analysis. 
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5.5. Conclusions 

BNP is a powerful indicator of SCD/VA risk. Its predictive power is independent of reduced 

LVEF. However, the risk stratification benefit of BNP measurement alone or in conjunction 

with other markers remains unclear and the evidence of its value does not yet mandate routine 

clinical use. My analysis does show that BNP measurement merits precise evaluation in studies 

designed to assess multiple risk stratifiers in patients at risk of SCD on the background of left 

ventricular myocardial damage. 

 



 

 88  



 

 89  

6. BIOMARKERS AND ICD THERAPY 

6.1. Introduction 

Though ICD therapy improves survival in patients at high SCD risk, some  subpopulations of 

implanted patients do not derive benefit (50). Specifically, in patients enrolled in RCTs who 

never receive device therapy, it seems that over the time horizon of the study follow-up, their 

SCD risk was low (96). In contrast, other patients, who have either advanced heart failure or 

other co-morbidities, will have high mortality despite ICD therapy, as modification of their SCD 

risk does not offer significant survival benefit (103, 109). Given its expense and associated 

morbidity, identification of patients’ potential to benefit is an important component of refining 

the application of ICD therapy. 

 

Biomarkers can reflect systemic vascular inflammation, myocardial stretch, neurohormonal 

activation and myocyte injury, and as such are powerful predictors of mortality in patients with 

myocardial damage, independent of the assessment of LVEF (111). Furthermore, biomarkers 

reflecting inflammation, myocardial stretch and collagen turnover, may also predict appropriate 

anti-tachycardic therapy in patients with ICDs (223-225). 

 

The aim of this study was to assess the value of biomarkers in identifying patients’ potential to 

gain benefit from ICD therapy. The study tested the hypothesis that individual serum/plasma 

biomarkers can identify patients who are unlikely to gain significant benefit from ICD therapy. 

 

6.2. Methods 

6.2.1. Study Population 

Consecutive patients attending Southampton University Hospital ICD follow-up service, with 

LVSD and an ICD or cardiac resynchronisation defibrillator (CRT-D) were recruited. All 

patients were on stable optimal medical therapy. None had heart failure admissions or therapy 

changes in the six weeks prior to enrolment. Other exclusion criteria were pregnancy, or an 

acute coronary syndrome or surgery of any type within the preceding 6 weeks. 

  

At study entry, baseline demographic data and clinical characteristics were recorded, a 12-lead 

resting ECG performed, and New York Heart Association (NYHA) functional class assessed. 

All patients had a transthoracic echocardiogram (TTE) prior to study entry. Blood was drawn 

from a forearm vein and collected in an EDTA tube. Samples were centrifuged at 3000 rpm for 

10 minutes and plasma frozen within 1 hour of sampling at -80oC pending analysis. The study 

complied with the Declaration of Helsinki and was approved by the local research ethics 

committee (Southampton and South West Hampshire Research Ethics Committee local ethics 
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number 08/H0502/54 and University Hospital Southampton NHS Foundation Trust Research 

and Development department study number CAR0357). Written informed consent was obtained 

from all patients. 

 

6.2.2. Study End Points and Follow Up 

Device programming was at the discretion of the treating physician. Following enrolment 

patients were followed up 3-6 monthly at a single centre, with a hospital visit or via a remote 

patient management system. Patients under remote follow-up also attended the hospital every 6 

months. At each follow-up the device was interrogated. The occurrence of any ICD therapy was 

recorded. Appropriate ICD therapy was defined as: 

(i) Antitachycardia pacing therapy (ATP) for ventricular tachycardia (VT). 

(ii) Shock therapy for VT or ventricular fibrillation (VF). 

 

Correct arrhythmia detection/discrimination was confirmed by analysis of stored electrograms 

by two electrophysiologists blinded to the biomarker analysis. 

 

Three study end-points were chosen to enable exploration of the utility of biomarkers in 

defining patients’ potential to benefit from ICD therapy. These were: 

(i) All-cause mortality. 

(ii) All-cause mortality or appropriate ICD therapy (reflecting event-free survival). 

(iii) Survival with appropriate ICD therapy. 

 

6.2.3. Biomarker analysis 

Five plasma biomarkers that reflect a range of pathophysiological processes in LVSD were 

analysed: 

• N-terminal pro-brain natriuretic peptide (NT-proBNP), an established marker of 

myocardial stretch (223). 

• Growth differentiation factor-15 (GDF-15), a marker of multiple stress pathways in the 

heart (226). 

• Serum ST2, the soluble form of ST2 (sST2), a novel marker of myocardial stretch (143). 

• C-reactive protein (CRP), a marker of systemic vascular inflammation (225, 227). 

• Interleukin-6 (IL-6), a marker of systemic vascular inflammation (225). 

 

The biomarkers were chosen based on previous studies in patients with LVSD, that had 

demonstrated an independent association with mortality (all biomarkers) (143, 223, 225-227), 

sudden cardiac death (NT-proBNP and sST2) (143, 223), and the occurrence of spontaneous 

ventricular arrhythmias (NT-proBNP and IL-6) (223, 225). 
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Commercially available antibodies (R and D systems, Abindgon, Oxfordshire, UK) were used 

for determination of GDF-15, IL-6 and sST2 as detailed below, and NT-proBNP and CRP were 

assayed using in-house antibodies. The assays for NT-proBNP and CRP have been 

demonstrated in a previous study to detect heart failure patients in a community screening 

programme (228). Moreover, the in-house NT-proBNP assay shows excellent correlation with 

the NT-proBNP Elecsys assay (Roche diagnostics) (n=86, r=0.90, P<0.0001). 

 

All assays were based on a two-site noncompetitive assay format (228). Sheep antibodies were 

raised to the N-terminal of human NT-proBNP, and monoclonal mouse antibodies were raised 

to the C-terminal. Samples or NT-proBNP standards were incubated in C-terminal IgG-coated 

wells with the biotinylated N-terminal antibody for 24 hours at 4°C. Detection was with methyl-

acridinium ester–labelled streptavidin (MAE-streptavidin) on an MLX plate luminometer 

(Dynex Technologies Ltd, Worthing, UK), as described previously (226, 228). The lower limit 

of detection was 14.4 fmol/mL of unextracted plasma, and the within and between assay 

coefficients of variation were 2.3% and 4.8% respectively (229). There was no cross-reactivity 

of the assay with ANP, BNP or CNP (229). 

 

The CRP monoclonal antibody used for capture of analyte was coated onto ELISA plates (100 

ng per well) (228). Plates were blocked using 10% foetal calf serum (FCS). Plasma (1 µL per 

well) or standards were incubated in coated wells for 24 hours at 4°C. Following washes, 50 ng 

of a different biotinylated monoclonal CRP antibody was pipetted into wells and incubated for 2 

hours at room temperature. Plates were developed with MAE-streptavidin as above. 

 

For the GDF-15, sST2 and IL-6 assays, specific mouse monoclonal antibodies for these peptides 

were coated onto ELISA plates (200 ng/100 µL) (226).  After incubation for 24 h, all plates 

were washed and blocked using 10% FCS.  Plasma samples were pipetted into the wells (10, 20 

and 100 µL per well for the GDF-15, sST2 and IL-6 respectively), together with appropriate 

standards. After another 24 hours incubation, plates were washed and biotinylated goat 

antibodies pipetted into the wells (5, 10 or 20 ng/100 µL for GDF-15, sST2 and IL-6 

respectively).  After another period of incubation of 2 hours, plates were washed and developed 

with MAE-streptavidin as above. 

 

6.2.4. Statistics 

Categorical variables are expressed as percentages (numbers). Normally distributed continuous 

variables are expressed as mean ± standard deviation and compared using the independent-
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samples t test. Variables not normally distributed are expressed as median (lower quartile to 

upper quartile) and compared using the Mann-Whitney U test. 

 

As NT-proBNP, sST2, GDF-15, Hs-CRP and IL-6 were not normally distributed, log 

transformed values were used for analysis. Univariate predictors of the three end-points were 

investigated in Cox proportional hazards models. For the end-points of all-cause mortality or 

appropriate ICD therapy, and survival with appropriate ICD therapy, multivariable analyses 

were also performed. Variables demonstrating a significant association (p<0.10) with all-cause 

mortality or appropriate ICD therapy (age, history of AF, Log NT-proBNP, Log, GDF-15, Log 

IL-6) and survival with appropriate ICD therapy (age, Log NT-proBNP) in univariate analyses 

were included in the multivariable Cox proportional hazards models. The multivariable models 

were built using a backwards stepwise approach with a significance of p<0.05 to remain in the 

model. For the end-point of all-cause mortality, in view of the small number of patients reaching 

the end-point (n=12), multivariable analysis was not performed.  The proportional hazards 

assumption was checked using Schoenfeld residuals (193). 

 

For the end-points of all-cause mortality, and all-cause mortality or appropriate ICD therapy, 

biomarker cut-off points were chosen to identify patients with a high risk of death (NT-proBNP 

and sST2) and a high chance of event-free survival (NT-proBNP). Kaplan-Meier survival 

analysis was used for comparison between patient groups stratified according to these biomarker 

cut-off points, and survival curves were compared using the log-rank test. 

 

Statistical analyses were performed on SPSS Version 17 (SPSS Inc., Chicago, IL, USA). In all 

analyses p <0.05 was considered significant, except for inclusion in the multivariable models. 

 

6.3. Results 

6.3.1. Patient Characteristics and Clinical Outcomes 

One hundred and fifty-six patients were enrolled, at a mean of 48±45 months following initial 

ICD implant. Demographics at study entry are shown in Table 6-1. The ICD VT treatment zone 

lower setting was similar in patients who did, and did not, receive appropriate ICD therapy 

(152±11 bpm vs. 154±24 bpm respectively; p=0.55). 

 

Although all patients had a TTE prior to study entry the timing of TTEs with respect to study 

entry was variable. The majority of patients had their TTE in the 12 months prior to study entry 

(n=111, 71.2%), 18 patients (11.5%) had their TTE 1-2 years prior to study entry, while the 

remainder (n=27, 17.3%) had their TTE more than 2 years prior to study entry. 
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During a mean follow-up of 15±3 months from study entry 12 (8%) patients died and 47 (30%) 

experienced appropriate ICD therapy. Four patients who experienced appropriate ICD therapy 

subsequently died, leaving 43 (28%) patients who experienced appropriate ICD therapy and 

survived the duration of the study. The distribution of appropriate ICD therapies in these 43 

patients was: 

• Survival with appropriate therapy for VT (rate <182bpm) only –  17 patients 

• Survival with appropriate therapy for fast VT (rate ≥182bpm) (230) – 25 patients 

• Survival with appropriate therapy for VF – 1 patient 

 

Of these 43 patients, 10 experienced 1 treated VT/VF episode, while the median number of 

episodes per patient was 3. Twenty-one patients experienced appropriate shock therapy, while 

the remainder experienced only ATP. 

 

6.3.2. Serum Biomarkers 

Baseline serum biomarker levels are shown in Table 6-2. Patients that died had significantly 

higher levels of NT-proBNP (p<0.001), sST2 (p<0.001), GDF-15 (p=0.04) and IL-6 (p=0.04), 

than patients that survived without appropriate ICD therapy (Figure 6-1). Patients that survived 

with appropriate ICD therapy had a significantly higher level of NT-proBNP than patients with 

event-free survival (p=0.01). 

 

6.3.3. Predictors of All-Cause Mortality 

In univariate analyses, four of the five biomarkers were significant predictors of all-cause 

mortality: Log sST2 (Hazard Ratio [HR] 265; 95% confidence intervals [CI] 16.47-4268; 

p<0.001), Log NT-proBNP (HR 25.30; 95% CI 3.16-202; p=0.002), Log IL-6 (HR 1.67; 95% 

CI 1.03-2.74; p=0.04) and Log GDF-15 (HR 3.17; 95% CI 1.03-9.76; p=0.04) (Table 6-3). 

Additional significant clinical and biochemical predictors were serum creatinine (HR per 10 

µmol/l 1.12; 95% CI 1.06-1.19; p<0.001), haemoglobin (HR per g/dl 0.95; 95% CI 0.92-0.99; 

p=0.01) and NYHA class (HR Class III/IV vs. I 10.91; 95% CI 1.34-88.9; p=0.03). 

 

6.3.4. Predictors of Event-Free Survival 

Using the combined end-point of all-cause mortality or appropriate ICD therapy, predictors of 

event-free survival were evaluated (Table 6-4). Significant univariate predictors were Log NT-

proBNP (HR 3.16; 95% CI 1.73-5.78; p<0.001) and advancing age (HR per 10 years 1.42; 95% 

CI 1.06-1.89; p=0.02). However, in multivariable analysis only Log NT-proBNP remained 

significantly predictive (HR 3.16; 95% CI 1.73-5.78; p<0.001). 
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6.3.5. Predictors of Survival with Appropriate ICD Therapy 

Significant univariate predictors of survival with appropriate ICD therapy were Log NT-

proBNP (HR 2.26; 95% CI 1.21-4.21; p=0.01) and advancing age (HR per 10 years 1.39; 95% 

CI 1.01-1.93; p=0.04) (Table 6-5). However, in multivariable analysis only Log NT-proBNP 

remained significantly predictive (HR 2.26; 95% CI 1.21-4.21; p=0.01). 

 

6.3.6. Combining Biomarkers to Identify Patients Unlikely to Benefit 

Using best cut-off values of sST2 and NT-proBNP (see Methods section) models that divided 

patients into 3 groups were developed: (i) patients with a low risk of death or appropriate ICD 

therapy; (ii) patients with a high risk of appropriate ICD therapy but low risk of death; (iii) 

patients with a high risk of death (Table 6-6). 

 

NT-proBNP was used to identify a group of patients at low risk of death or appropriate ICD 

therapy. None of the 31 patients with NT-proBNP below 173 pmol/L had an event, whereas 55 

of the 125 above this level did (p<0.001) (Figure 6-2). Of these 31 patients, 13 (42%) had 

originally received a prophylactic device, 19 (61%) had CAD, 17 (55%) had an LVEF <35% 

and 17 (55%) were in NYHA class II-IV. 

 

The ability of NT-proBNP and sST2 to identify a group of patients at high risk of death were 

evaluated separately. For NT-proBNP, 5 of the 12 patients with a level above 2350 pmol/L died, 

whereas only 7 of the 145 below this level died (p<0.001) (Figure 6-2). For sST2, 7 of the 18 

patients with a level above 0.43 ng/ml died, whereas only 5 of the 138 below this level died 

(p<0.001) (Figure 6-2). 
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Table 6-1 Patient Characteristics At Study Entry 
 

 Overall (n=156) 

Age (years) 71 (62-77) 

Male Sex % (no.) 85 (132) 

Heart Disease Type % (no.)  

Ischaemic 76 (119) 

NICM 18 (28) 

Other 6 (9) 

Diabetes % (no.) 24 (37) 

History of AF % (no.) 36 (56) 

NYHA Class % (no.)  

I 35 (55) 

II 42 (65) 

III 22 (34) 

IV 1 (2) 

Device Type % (no.)  

ICD 66 (103) 

CRT-D 34 (53) 

ICD indication % (no.)  

Primary Prevention 37 (58) 

Secondary prevention 63 (98) 

QRS width (ms)  125 (100-160) 

LVEF  

<30% 63 (98) 

30-35% 12 (19) 

35-40% 14 (22) 

>40% 11 (17) 

Beta-blocker % (no.) 79 (124) 

ACE-I/ARB % (no.) 92 (143) 

Amiodarone % (no) 28 (44) 

Creatinine (µmol/l) 114 (92-141) 

Haemoglobin (g/dl) 134±18 
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Table 6-3 Univariate Predictors Of All-Cause Mortality 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   All-cause mortality (n=12) 

 P value Hazard Ratio (95% CI) 

Age (per 10 years) 0.25 1.44 (0.77-2.69) 

Diabetes 0.14 2.36 (0.75-7.46) 

History of AF 0.09 2.74 (0.87-8.64) 

NYHA Class (versus Class I)   

II 0.25 3.67 (0.41-32.83) 

III/IV 0.03 10.91 (1.34-88.9) 

QRS width (per 10ms increase) 0.16 1.12 (0.96-1.30) 

LVEF (per 5% decrease) 0.25 1.28 (0.85-1.93) 

Beta-blocker 0.77 1.26 (0.28-5.73) 

Amiodarone 0.26 1.94 (0.62-6.13 

Creatinine (per 10 µmol/l increase) <0.001 1.12 (1.06-1.19) 

Haemoglobin (per g/dl increase) 0.01 0.95 (0.92-0.99) 

Log NT-proBNP 0.002 25.30 (3.16-202) 

Log GDF-15 0.04 3.17 (1.03-9.76) 

Log sST2 <0.001 265 (16.47-4268) 

Log CRP 0.13 4.82 (0.62-37.20) 

Log IL-6 0.04 1.67 (1.03-2.74) 
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Table 6-4 Predictors Of Event-Free Survival 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Combined Endpoint of All-cause mortality or 
Appropriate ICD therapy (n=55) 

Univariate Analysis Multivariable Analysis 

P 
value 

Hazard Ratio 
(95% CI) 

P 
value 

Hazard Ratio 
(95% CI) 

Age (per 10 years) 0.02 1.42 (1.06-1.89) 0.34 - 

Diabetes 0.75 1.10 (0.60-2.02)   

History of AF 0.08 1.62 (0.95-2.76) 0.52 - 

NYHA Class (versus Class I)     

II 0.34 1.35 (0.73-2.52)   

III/IV 0.28 1.48 (0.73-3.00)   

QRS width (per 10ms increase) 0.57 1.02 (0.95-1.10)   

LVEF (per 5% decrease) 0.18 1.11 (0.95-1.30)   

Beta-blocker 0.32 1.44 (0.70-2.93)   

Amiodarone 0.70 0.89 (0.48-1.63)   

Creatinine (per 10 µmol/l increase) 0.17 1.03 (0.99-1.08)   

Haemoglobin (per g/dl increase) 1.0 1.00 (0.98-1.02)   

Log NT-proBNP <0.001 3.16 (1.73-5.78) <0.001 3.16 (1.73-5.78) 

Log GDF-15 0.06 1.67 (0.98-2.85) 0.82 - 

Log sST2 0.11 3.35 (0.76-14.83)   

Log CRP 0.54 0.80 (0.40-1.62)   

Log IL-6 0.08 1.22 (0.97-1.54) 0.22 - 
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Table 6-5 Predictors Of Survival With Appropriate ICD Therapy 
 

 Survival with Appropriate ICD therapy (n=43) 

 Univariate Model Multivariable Analysis 

 
P 

value 
Hazard Ratio 

(95% CI) 
P 

value 
Hazard Ratio 

(95% CI) 

Age (per 10 years) 0.04 1.39 (1.01-1.93) 0.29 - 

Diabetes 0.67 0.86 (0.41-1.78)   

History of AF 0.28 1.40 (0.76-2.57)   

NYHA Class (versus I)     

II 0.59 1.20 (0.62-2.31)   

III/IV 0.59 0.78 (0.32-1.90)   

QRS width (per 10 ms increase) 0.93 1.0 (0.91-1.01)   

LVEF (per 5% decrease) 0.39 1.08 (0.91-1.27)   

Beta-blocker 0.37 1.44 (0.64-3.24)   

Amiodarone 0.32 0.69 (0.33-1.44)   

Creatinine (per 10 µmol/l 
increase) 

0.63 0.98 (0.92-1.05)   

Haemoglobin (per g/dl increase) 0.22 1.01 (0.99-1.03)   

Log NT-proBNP 0.01 2.26 (1.21-4.21) 0.01 2.26 (1.21-4.21) 

Log GDF-15 0.27 1.41 (0.76-2.61)   

Log ST2 0.81 0.82 (0.16-4.25)   

Log CRP 0.12 0.55 (0.26-1.16)   

Log IL-6 0.38 1.13 (0.87-1.46)   
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Figure 6-1 Baseline Concentrations Of NT-ProBNP And sST2 
Box plots showing the baseline concentrations of NT-proBNP (A) and sST2 (B) in patients that 
died and patients with event-free survival. Biomarker levels are presented as box (25th 
percentile, median, 75th percentile) and whisker (10th and 90th percentiles) plots. 
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Figure 6-2 Kaplan–Meier Survival Curve Analysis 
(A) Event-free survival in groups stratified by NT-proBNP level (cut-off 173 pmol/L); (B) 
Death in groups stratified NT-proBNP level (cut-off 2350 pmol/L); (C) Death in groups 
stratified by sST2 (cut-off 0.43 ng/ml). 
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6.4. Discussion 

The main findings of this study are that the biomarkers sST2 and NT-proBNP are promising 

candidates for identifying patients with low potential to benefit from ICD therapy. These 

biomarkers identified a group of patients with advanced heart failure, whose short-term risk of 

death despite ICD therapy was high. NT-proBNP also identified a group of apparently low risk 

patients (approximately 20% of the cohort) who experienced no episodes of ICD therapy over 

the study’s time horizon. However, the study population was patients with pre-existing rather 

than new ICD implants, and the follow-up was too short for this to be a clear end-point. 

 

Although RCTs have demonstrated mortality benefit with ICD therapy, translation into clinical 

practice has been challenging (50, 102). Most patients implanted with an ICD based on current 

guidelines never receive a lifesaving device therapy (96). Furthermore, many patients with 

advanced heart failure will not have their life meaningfully prolonged by ICD therapy (102). 

This is either because they will die of another cause without receiving device therapy, or die 

soon after receiving appropriate ICD therapy from a non-arrhythmic (usually pump failure) 

death. In these patients the ICD serves only to alter the mode but not time of death. Set against 

these observations is the fact that ICD therapy is associated with significant morbidity, and is a 

high cost therapy with questionable cost-effectiveness. 

 

To enrich ICD therapy clinical and cost-effectiveness, effort has been made to identify patients 

at high SCD risk. To date there is no consensus on how to do this. Importantly patients at 

highest SCD risk do not necessarily have the greatest potential to benefit from ICD therapy, as 

they are also at highest non-sudden death risk (17). An alternative approach is to identify 

patients meeting current guidelines who do not have the potential to gain significant survival 

benefit from ICD therapy. 

 

Using their data Levy et al. suggested that the benefit of ICD therapy approached null when 

annual mortality reached 20-25% (110). Unfortunately using my data it was not possible to 

assess the annual mortality rate at which ICD therapy would cease to be clinically effective. 

However, using the data from Levy et al. both biomarker-defined high risk groups in my study, 

where the annual mortality was 36.4% in patients with NT-proBNP ≥2350 pmol/L and 33.3% in 

patients with sST2 ≥0.43ng/ml, may not benefit from ICD therapy. 

 

A number of studies have evaluated the use of individual clinical characteristics to achieve this. 

Both serum creatinine and advancing age identify ICD recipients with a high short-term risk of 

death following ICD implantation (103, 106). In my study creatinine was a significant predictor 
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of death (p<0.001) and age predicted event-free survival (p=0.02). Both variables may prove 

useful combined in a model with biomarkers. 

 

Two studies have evaluated more complex risk scores. Goldenberg et al. examined the 

relationship between a risk score, derived from 5 clinical variables, and benefit from ICD 

therapy, in the 1232 patients enrolled in the MADIT-II trial (109). The 345 patients with no risk 

markers, whose 2-year mortality was 9%, derived no benefit from an ICD (HR 0.96; p=0.91). 

The investigators also described a group of 60 patients with advanced renal dysfunction (BUN 

>50 mg/dl and/or serum creatinine >2.5 mg/dl), whose 2-year mortality was 50%, who also did 

not benefit from their device (HR 1.0; p=0.99). In my study, although creatinine was a predictor 

of death, only 2 of the 12 patients that died had a creatinine that would have merited inclusion in 

this group. Furthermore, of the 7 patients with an sST2 above the ROC-derived cut-off (0.43 

ng/ml) that died, only 1 would have been in the group, and none of the 5 patients that died with 

an NT-proBNP level above the ROC-derived cut-off (2350 pmol/L) would have been in the 

group. Levy et al. used a modified version of the Seattle Heart Failure Model to examine 

baseline predicted mortality risk, and the relative and absolute benefit from ICD therapy, in 

2487 patients in the SCD-HeFT trial (110). Patients with the highest quintile of baseline 

predicted risk of death gained no significant benefit from device therapy. However, neither 

study has yet had an impact on international guidelines (50). 

 

A number of studies have evaluated the use of biomarkers to predict SCD and appropriate ICD 

therapy. The most studied of these is BNP/NT-proBNP, which predicts both SCD and ICD 

therapy (223). This is consistent with my results. The association of inflammatory markers with 

ICD therapy has been inconsistent. Although smaller studies have shown an association, other 

larger prospective studies have not confirmed these findings (155). In my study neither CRP nor 

IL-6 predicted appropriate ICD therapy. 

 

A recent nested case-control study by Pascual-Figal et al. investigated the association of sST2 

and SCD, in patients with heart failure in a multicentre registry (143).  sST2 levels were 

significantly higher in 36 patients who died suddenly than 63 matched controls (0.23 ng/ml vs. 

0.12 ng.ml, p=0.001). In contrast, I found that sST2 did not predict survival with appropriate 

ICD therapy, but did predict overall mortality. 

 

A number of studies have observed that patients that receive appropriate ICD shock therapy 

have a high risk of subsequent death, and the possibility that shock therapy may be detrimental 

has been raised. In my cohort 4 patients experienced appropriate ICD therapy, of which 3 were 

shock therapy, and subsequently died. In comparison to the survivors, the baseline sST2 level 
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was significantly higher (0.42±0.09 vs. 0.30±0.12 ng/ml, p=0.04) and the NT-proBNP non-

significantly higher (2009±1820 vs. 808±740 pg/ml, p=0.28) in these 4 patients. Furthermore, 

the mean biomarker levels were similar in patients who died with (n=4) and without (n=8) 

(sST2 0.53±0.30 ng/ml, NT-proBNP 1949±1056 pg/ml) experiencing appropriate device 

therapy prior to death. These findings are consistent with appropriate shock therapy being a 

marker of advanced heart failure and high mortality risk in some patients, rather than a causal 

factor, though no conclusions can be drawn in view of the small numbers and post-hoc nature of 

the analysis.  

 

My observations that biomarkers can predict mortality in patients with advanced LVSD are 

consistent with those of other studies (111). The suggestion that these biomarkers may be able 

to accurately characterise heart failure severity, and identify patients whose disease is too 

advanced to gain significant benefit from ICD therapy, is novel. 

 

The use of sST2 and NT-proBNP in a model for refining patient selection for ICD therapy could 

have potential benefits in comparison to other tools. Their measurement is cheap, reproducible, 

straightforward, and can be utilised as a continuous variable or dichotomised using a cut-off 

point, depending on the model of application. Furthermore, in patients with acquired heart 

disease, risk is a dynamic rather than static quantity, and the non-invasive nature of biomarker 

assessment lends itself to repeated measurement over time. However, it is unclear how the 

biomarkers compare to the risk scores described in the studies by Goldenberg et al. and Levy et 

al., or whether they would add incremental accuracy to these proposed models or to the 

assessment of renal function alone (103, 106, 109, 110). 

 

6.4.1. Limitations 

The study sample is small and the number of deaths low. My study is essentially hypothesis 

generating and the findings need repeating in a larger cohort with validation of the optimum 

biomarker cut-off values. 

 

I included patients with both primary and secondary prevention indications and therefore the 

study population may not fully reflect the patient population (primary prevention patients) in 

whom risk stratification tests are most needed. This is most relevant with respect to the low risk 

patient group identified by a low NT-proBNP, who experienced no episodes of appropriate ICD 

therapy during follow-up. However, consistent with international guidelines the identification of 

patients with advanced heart failure or other comorbidity, whose short-term risk of death despite 

ICD therapy is high, is relevant to both primary and secondary prevention patients, and for this 

reason secondary prevention patients were included in the study (2, 50).  
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All patients enrolled in my study had their devices already implanted and in many cases had had 

an ICD for a number of years prior to study entry. There are a number of potentially important 

differences between patients who already have a device in-situ and patients who are being 

considered for suitability for ICD therapy. Patients with significant LVSD who have survived 

for some years following ICD implantation may be a self-selected population of ‘natural 

survivors’ whose prognosis differs from that of patients prior to ICD implantation. Patients had 

to attend ICD clinic to be recruited into the study and therefore patients with a poor clinic 

attendance record, who may have a worse prognosis than patients who are more compliant, 

would be less likely to be included in the study. In addition, I included many secondary 

prevention patients whose risk of ventricular arrhythmias as well as potentially pump failure, 

may be significantly different from when their device was first implanted. This is therefore an 

important limitation which may reduce the generalisability of my results. 

 

However, at study entry 75% (n=117) of patients had an LVEF ≤35% and may have had an 

indication for prophylactic ICD therapy based on current guidelines without the need for further 

testing (50). Furthermore, the death rate in my study (8%) was similar to the 1-year mortality 

rate in the ICD arm of MADIT-II (9%), and my rate of appropriate ICD therapy (30%) was 

slightly higher than in contemporary device trials, likely in part reflecting the high proportion 

(63%) of secondary  prevention patients (58, 96). This suggests that, despite being a cohort of 

prevalent rather than new ICD patients, my study cohort may not differ significantly in terms of 

arrhythmic and non-arrhythmic risk, from a contemporary population of new ICD implants. In 

addition, none of the patients that died were in NYHA class IV heart failure on study entry, and 

therefore they would not have been excluded from ICD therapy by current guidelines (50). 

 

Study follow-up was short. However, consistent with current guidelines the aim of my study 

was to identify patients whose chance of survival beyond 12 months was limited (50). My 

finding that NT-proBNP may identify patients with a low risk of appropriate ICD therapy, needs 

repeating in a study with longer follow-up and patients enrolled at initial implant. 

 

Delivery of appropriate ICD therapy is not always a surrogate for preventable SCD. However, 

with current guidelines widening the recipient population for ICDs, the investigation of 

predictors of SCD in higher risk patients is difficult, as most such patients are indicated for an 

ICD (50). Lastly, the timing of TTE prior to study entry was variable. Although the majority of 

patients (71.2%) had their imaging in the 12 months prior to study entry many patients had their 

TTE at least a year prior to entry into the study. Both positive and negative left ventricular 

remodelling can take place and therefore in some patients the LVEF recorded by TTE may not 
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be an accurate reflection of left ventricular function at study entry. This would have tended to 

reduce the accuracy of LVEF as a predictor of outcomes in my analysis and therefore is an 

important limitation. 

 

6.5. Conclusions 

This pilot study suggests that NT-proBNP and sST2 are promising biomarkers for identifying 

patients with little potential to gain survival benefit from ICD therapy. They may provide a 

simple strategy for refining patient selection for ICD therapy. The incremental benefit of these 

biomarkers in addition to currently available clinical risk prediction models remains unclear. 

My study indicates the need for a prospective cohort study, from time of ICD implantation, 

powered to derive and validate algorithms to predict potential to benefit from ICD therapy. 
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7. PROTEOMIC PROFILING 

7.1. Introduction 

Heart failure is a major healthcare problem, affecting over 10 million people in Europe and 

America alone (231). Although contemporary medical therapy has significantly improved 

prognosis in patients with heart failure and asymptomatic LVSD mortality remains high (17). 

However, there is wide variation in mortality rates and mode of death among patient groups 

with LVSD (17). Though overall SCD is the commonest cardiac mode of death, in patients with 

more advanced disease death due to pump failure predominates (17). The ability to predict 

mode, as well as risk of death, in patients with LVSD is important, as the clinical and cost-

effectiveness of ICD therapy depends on its use in appropriately selected patient populations 

(110). 

 

Multiple studies have demonstrated that individual biomarkers, including markers of systemic 

vascular inflammation, myocardial stress, neurohormonal activation and myocyte injury, are 

powerful predictors of prognosis in patients with LVSD (111). However, such studies are 

limited by their evaluation of a small number of predetermined potential biomarkers. Current 

proteomic techniques enable the simultaneous assessment of a large number of proteins present 

in a sample, and allow the identification of potential candidate biomarkers by comparison of 

protein expression between groups of patients and controls (170). Such techniques have been 

successfully used to identify biomarkers in a range of cardiovascular conditions, including heart 

failure, peripheral vascular disease and myocardial infarction (178, 182, 183, 232). I 

hypothesised that an approach using untargeted proteomic profiling techniques may identify 

prognostic biomarkers in patients with LVSD. 

 

The aims of this pilot study were twofold: 

(i) To use surface-enhanced laser desorption ionisation time-of-flight mass spectrometry 

(SELDI-TOF MS) to identify potential serum biomarkers associated with systolic heart 

failure (SHF). 

(ii) To prospectively explore the association of these biomarkers with mortality and the 

occurrence of ventricular arrhythmias in a cohort of patients with ICDs on the 

background of LVSD. 
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7.2. Methods 

7.2.1. Study Population 

All patients were recruited from those attending the Wessex Cardiothoracic Centre 

(Southampton University Hospital) device service. Two different patient populations were 

enrolled: 

a) Control Patients. This group comprised consecutive patients with a permanent pacemaker 

and preserved LVEF. Patients with a high percentage of right ventricular pacing (>30%), or 

history, signs or symptoms of heart failure, were excluded. This group was chosen as 

controls to avoid the introduction of potential bias related to pre-analytical factors due to 

sample collection and patient preparation; they attended the same hospital clinic, in the same 

fashion (same time of day, no specific food requirements i.e. not nil by mouth), as patients 

with ICDs (the LVSD group). 

 

b) Left Ventricular Systolic Dysfunction Patients. This group comprised patients with LVSD, 

and an ICD or cardiac resynchronisation defibrillator (CRT-D). All patients were on optimal 

medical therapy. None had heart failure admissions or therapy changes in the six weeks prior 

to enrolment. Based on New York Heart Association (NYHA) functional class and left 

ventricular ejection fraction (LVEF), two further subgroups of patients with LVSD were 

identified: 

• Patients with SHF, defined as LVEF ≤40% and NYHA ≥II. 

• Patients with asymptomatic LVSD, defined as LVEF ≤40% and NYHA I. 

 

Additional exclusion criteria for both groups were pregnancy, a major co-morbid illness, or an 

acute coronary syndrome or surgery of any type within the preceding 6 weeks.  

 

At study entry, baseline demographic and clinical data were recorded, a 12-lead resting ECG 

performed, and NYHA functional class assessed. All patients had a TTE prior to study entry. 

Blood was drawn from a forearm vein and collected in serum separator (serum) and EDTA 

tubes (plasma). Samples were collected and processed according to a standardised protocol, and 

all handled identically. Serum samples were allowed to clot for 30 minutes, and then centrifuged 

at 3000 rpm for 10 minutes.  Samples were divided into aliquots and frozen within 1 hour of 

sampling. Samples were stored at -80°C prior to analysis and underwent no more than two 

freeze-thaw cycles. The study complied with the Declaration of Helsinki and was approved by 

the local research ethics committee (Southampton and South West Hampshire Research Ethics 

Committee local ethics number 08/H0502/54 and University Hospital Southampton NHS 
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Foundation Trust Research and Development department study number CAR0357). Written 

informed consent was obtained from all patients. 

 

7.2.2. Study End Points and Follow-Up 

Control patients were not followed-up. LVSD patients, who all had ICD/CRT-D devices, were 

followed up at 3-6 months with a hospital visit or via a remote patient management system. 

Device programming was at the discretion of the treating physician. Patients under remote 

follow-up also attended the hospital every 6 months. At each hospital visit the patient was 

clinically assessed and the device interrogated. The occurrence of any ICD therapy was 

recorded.  

 

Appropriate ICD therapy was defined as: 

(i) Antitachycardia pacing therapy (ATP) for ventricular tachycardia (VT). 

(ii) Shock therapy for VT or ventricular fibrillation (VF). 

 

Correct arrhythmia detection/discrimination was confirmed by analysis of stored electrograms 

by two electrophysiologists blinded to the biomarker analysis. 

 

For the prospective part of the study, two study end-points were chosen to enable exploration of 

the utility of the serum proteomic biomarkers in defining outcomes. These were: 

(i) All-cause mortality. 

(ii) Patient survival with appropriate ICD therapy. 

 

7.2.3. NT-proBNP Analysis 

In view of its established diagnostic and prognostic role in LVSD, N-terminal pro-brain 

natriuretic peptide (NT-proBNP) was measured in all patients, as a comparator to the proteomic 

biomarkers. The NT-proBNP assay was based on a two-site non-competitive assay format, 

using in-house antibodies, as previously described (see section 6.2.3) (228). The lower limit of 

detection was 14.4 fmol/mL of unextracted plasma, and the within and between assay 

coefficients of variation were 2.3% and 4.8% respectively (229). There was no cross-reactivity 

of the assay with ANP, BNP or CNP (229). 

 

7.2.4. SELDI-TOF MS Analysis 

Serum samples were analysed on the weak cationic exchange (CM10) ProteinChip array 

(BioRad, California, USA), chosen as it produced more spectra peaks than other surface 

chemistries in a preliminary study. To aid reproducibility a BioMek3000 (Beckman Coulter, 

California, USA) liquid handling robot was used. Samples were analysed in duplicate on a 



 

 112  

bioprocessor (BioRad). Samples were randomly assigned to bioprocessor wells to minimise 

bias. All samples were run over a 1 week period to reduce potential error due to variation in 

instrument performance. 

 

Serum samples (10µL) were denatured at pH 9 for 60 mins on ice, in 90µl of U9 buffer (9 

mol/L urea, 2% CHAPS, 50 mM Tris-HCl, pH 9) (BioRad). Bioprocessor wells were 

preincubated with 5µl of buffer (CM10 low-stringency, BioRad), and then incubated twice with 

200µl of buffer at room temperature for 10 minutes. Ten microliter of the diluted serum mixture 

was mixed in 90µl sample buffer and applied to the bioprocessor wells.  Samples were then 

incubated for 60 minutes at room temperature on a Micromix5 platform shaker (Diagnostic 

Products Corporation, California, USA), using a form of 20 and amplitude of 7. Following 

incubation, unbound proteins were removed by washing with 200µl of buffer twice, and 200µl 

of di-ionised water twice. Each washing step was performed with horizontal shaking for 10 

minutes. The ProteinChips were removed from the bioprocessor and allowed to air dry for 45 

minutes. Two applications of 1µl of 50% sinapinic acid in 50% acetonitrile/0.5% trifluoroacetic 

acid were delivered to each spot, and allowed to air dry for 15 minutes. 

 

Time-of-flight (TOF) spectra were generated using an Enterprise 4011 mass spectrometer 

(BioRad). Each spot was analysed using laser settings optimised for low and high mass proteins. 

For the low mass range (mass range 0-20 kDa, focus mass 10 kDa, matrix attenuation 1 kDa) 

spectra were generated with 17 shots per position, at laser intensities of 2000, 3000 and 4000, 

preceded by 2 warming shots at 2200, 3300 and 4400 respectively. For the high mass range 

(mass range 18-200 kDa, focus mass 20 kDa, matrix attenuation 1 kDa), TOF spectra were 

generated with 17 shots at a laser intensity of 4000, preceded by 2 shots at 4400. 

 

Spectra were calibrated externally using a protein standard calibration kit comprising 

recombinant hirudin (6.96 kDa), equine cytochrome C (12.23 kDa), equine myoglobin (16.95 

kDa) and carbonic anhydrase (29.0 kDa) (BioRad). Following baseline subtraction, spectra were 

normalised to total ion current, 2-20kDa for the low mass range and 18-200kDa for the high 

mass range. Spectra were visually inspected and poor quality spectra removed. For each sample, 

one spectrum for each mass range was used, chosen in order to minimise deviation in total ion 

current to within 0.4-2.5 times the mean of all included patients. 

 

Biomarker Wizard software (version 3.1, BioRad) was used to identify peaks. For the low mass 

range the m/z range between 0 and 2000 was eliminated from the analysis to avoid chemical 

noise relating to the energy absorbing molecules. Peaks with a signal-to-noise (S/N) ratio of ≥5 

for the first pass and ≥2 for the second pass, and a valley depth greater than or equal to 3, were 
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considered for clustering if present in ≥10% of spectra. The mass window for each cluster was 

0.3% of the peak mass. To avoid analysis of spurious peaks all peaks were visually inspected 

and relabelled as required prior to statistical analysis. The high mass range was run in parallel. 

 

Every other ProteinChip contained a control sample, taken from a single pooled mixture of 50 

case and control patients, to assess assay variability. Coefficients of variation (CV) for peak 

intensity for these spectra, derived from the pooled sample, run 34 times (five assays), was 34%. 

These data were obtained by averaging values for 17 randomly selected peaks, spread across the 

analysed mass range (2-200kDa), using the formula CV=√ ((CV1
2+CV2

2+CV3
2...+CVn

2)/n), 

where n represents the number of included peaks. 

 

7.2.5. Statistics 

Categorical variables are expressed as percentages (numbers). Normally distributed continuous 

variables are expressed as mean ± standard deviation. Variables not normally distributed are 

expressed as median (lower quartile to upper quartile) and compared using the Mann-Whitney 

U test.  

 

In order to identify proteomic biomarkers associated with LVSD the serum proteomic profiles 

were compared between patients with SHF and controls. For the analysis patients were 

randomly separated into two equal sized discovery and validation sets, each containing equal 

numbers of SHF and control patients. For each proteomic peak I calculated a p value, using the 

Mann-Whitney U test, to indicate its ability to differentiate SHF patients from controls. Peaks 

that were differentially expressed (p<0.05) in both sets were considered significant. For each of 

the significant peaks, Receiver Operating Characteristic (ROC) curves were constructed, to 

assess accuracy in distinguishing SHF from controls patients. The Jonckheere-Terpstra test was 

used to assess the trend in peak intensity levels across patient groups categorised by functional 

class. 

 

The 6 biomarker peaks that demonstrated an association with SHF were then evaluated in a 

prospective study of ICD recipients, to assess their ability to predict prognosis in patients with 

LVSD. Univariate cox proportional hazards analyses were used to investigate biomarker 

predictors of the two prospective end-points (all-cause mortality and survival with appropriate 

ICD therapy). For the end-point of all-cause mortality, in view of the small number of patients 

reaching the end-point (n=11), multivariable analysis was not performed. As NT-proBNP was 

not normally distributed and its normality improved with log transformation, the log 

transformed values were used for analysis. The proportional hazards assumption was checked 

using Schoenfeld residuals (193). 
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For the end-point of all-cause mortality, for selected biomarker peaks cut-off points were chosen 

to identify patients with a high risk of death. Kaplan-Meier survival analysis was used for 

comparison between patient groups stratified according to these biomarker cut-off points, and 

survival curves were compared using the log-rank test. 

 

Statistical analyses were performed on SPSS Version 17 (SPSS Inc., Chicago, IL, USA). In all 

analyses p <0.05 was considered significant. 

 

7.3. Results 

7.3.1. Patient Characteristics  

One hundred and eighty six patients were enrolled in the study (Table 7-1). These comprised 45 

patients with permanent pacemakers, preserved LVEF, and no signs/symptoms of heart failure 

(control group), and 141 patients with ICDs on the background of LVSD. Of the 141 patients 

with ICDs, 78 had SHF and 47 asymptomatic LVSD. 

 

Although all patients had a TTE prior to study entry the timing of TTEs with respect to study 

entry was variable. Of the 141 patients with ICDs the majority had their TTE in the 12 months 

prior to study entry (n=102, 72.3%), 16 patients (11.3%) had their TTE 1-2 years prior to study 

entry, while the remainder (n=23, 16.3%) had their TTE more than 2 years prior to study entry. 

 

7.3.2. Proteomic Biomarkers Associated With SHF 

The serum proteomic profiles were compared between the 78 SHF patients and 45 controls. 

Patients were randomly assigned to two sets which were analysed separately (see Methods). 

Biomarker wizard identified an initial 94 analysable protein peaks. Twelve peaks in the first set 

and 15 in the second set were differentially expressed (p<0.05) between SHF patients and 

controls. Six of these peaks were significantly different in both sets (Table 7-2). Four peaks 

were lower (m/z 4221, 5351, 5921 and 6125), and two higher (m/z 11834 and 14766), in SHF 

patients compared to controls. 

 

The proteomic profiles were also compared between the 47 patients with asymptomatic LVSD 

and 45 controls. Only 2 of the 6 previously identified protein peaks (m/z 4221 and 11834) were 

significantly different between the groups (Table 7-2). However, all 6 peaks had an intermediate 

value between that of SHF and control patients, and for each peak there was a trend in peak 

intensity from controls through to asymptomatic LVSD and SHF (Table 7-2). Furthermore, 

there was a significant association between peak intensity and functional class (Figure 7-1). For 
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each of the six proteomic peaks there was a trend in peak intensity from controls, through to 

asymptomatic LVSD, NYHA class II SHF, and NYHA class III/IV SHF: m/z 4221 (p=0.001), 

m/z 5351 (p<0.001), m/z 5921 (p=0.004), m/z 6125 (p=0.03), m/z 11834 (p<0.001) and m/z 

14766 (p<0.001). 

 

ROC curves were constructed to evaluate the ability of the 6 protein peaks to differentiate 

between SHF and control patients. All peaks significantly distinguished between SHF patients 

and controls, with areas under the ROC curve ranging from 0.68-0.80 (Table 7-3). Two of the 

peaks (m/z 4221 and 11834) also differentiated between patients with asymptomatic LVSD and 

controls. However, none of the proteomic peaks out-performed NT-proBNP (area under the 

ROC curve 0.88 for SHF and 0.87 for asymptomatic LVSD). 

 

7.3.3. Relationship of Proteomic Biomarkers To Outcomes 

The ICD patients (n=141) were followed-up for a mean of 15±3 months. During this time there 

were 11 deaths (8%) and 43 patients (30%) experienced appropriate ICD therapy. Four patients 

(3%) who experienced appropriate ICD therapy subsequently died, leaving 39 patients (28%) 

who experienced appropriate ICD therapy and survived the study duration. Of these, 21 

experienced appropriate shock therapy, while the remainder experienced only appropriate ATP. 

 

The median values for all 6 proteomic peaks were higher in patients that died (n=11) compared 

to patients with event-free survival (n=91) (Table 7-4). In contrast, the levels were similar 

between patients that survived with appropriate ICD therapy (n=39) and those with event-free 

survival (n=91). An example of peak m/z 11834 is shown in Figure 7-2. 

 

In univariate analyses, five of the six proteomic peaks were significant predictors of death 

(Table 7-5). However, none predicted survival with appropriate ICD therapy. In comparison, 

Log-transformed NT-proBNP predicted both mortality (p=0.001) and survival with appropriate 

ICD therapy (p=0.01).  

 

7.3.4. Survival Analysis and Proteomic Biomarkers 

For the ICD patients (n=141), using two of the prognostic proteomic peaks (m/z 11834 and m/z 

14766) survival curves were compared between patient groups stratified according to biomarker 

levels using best cut-off values (see Methods section). For peak m/z 11834, 6 of 15 patients with 

a signal intensity ≥17.5 died, compared to only 5 of 126 below this level (p<0.001) (Figure 7-3). 

For peak m/z 14766, 6 of 15 patients with a signal intensity ≥5.6 died, compared to only 5 of 

126 below this level (p<0.001) (Figure 7-3). 
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Table 7-1  Patient Characteristics At Study Entry 
 

 
Controls 
(n=45) 

ICD patients 

Asymptomatic 
LVSD 
(n=47) 

SHF 
(n=78) 

Overall 
(n=141) 

Age (years) 66±14 66±11 70±10 69±10 

Male Sex % (no.) 53 (24) 87 (41) 77 (59) 85 (120) 

Diabetes % (no.) 9 (4) 19 (9) 20 (15) 24 (34) 

History of AF % (no.) 20 (9) 30 (14) 39 (30) 36 (51) 

History of hypertension % (no.) 40 (18) 36 (17) 44 (34) 46 (65) 

NYHA Class % (no.)     

I 100 (45) 100 (47) - 37 (52) 

II - - 64 (50) 40 (57) 

III - - 33 (26) 21 (30) 

IV - - 3 (2) 1 (2) 

Device Type % (no.)     

ICD - 96 (45) 46 (36) 66 (93) 

CRT-D - 4 (2) 54 (42) 34 (48) 

PPM single chamber 27 (12) - - - 

PPM dual chamber 73 (33) - - - 

Heart Disease Type % (no.)     

Ischaemic  72 (34) 80 (62) 77 (108) 

NICM  17 (8) 18 (14) 18 (25) 

Other  11 (5) 2 (2) 6 (8) 

ICD indication % (no.)     

Primary Prevention - 23 (11) 46 (36) 37 (52) 

Secondary prevention - 77 (36) 54 (42) 63 (89) 

Beta-blocker % (no.) 18 (8) 83 (39) 78 (61) 91 (129) 

ACE-I/ARB % (no.) 20 (9) 87 (41) 92 (72) 91 (129) 

Amiodarone % (no) 2 (1) 36 (17) 28 (22) 29 (41) 
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Table 7-3 ROC Scores For Proteomic Biomarkers To Distinguish Between Systolic Heart 

Failure (N=78) And Control (N=45) Patients 

 

m/z, mass/charge. 

Biomarker 

SHF vs. controls  Asymptomatic LVSD vs. controls 

Area under the ROC 
curve 

(95% CI) 
P value  

Area under the ROC 
curve 

(95% CI) 
P value 

m/z 4221 0.69 (0.60-0.79) <0.001  0.65 (0.54-0.77) 0.01 

m/z 5351 0.75 (0.66-0.84) <0.001  0.61 (0.49-0.72) 0.08 

m/z 5921 0.68 (0.58-0.77) 0.001  0.52 (0.40-0.64) 0.72 

m/z 6125 0.68 (0.58-0.78) 0.001  0.51 (0.39-0.63) 0.85 

m/z 11834 0.80 (0.72-0.88) <0.001  0.65 (0.53-0.76) 0.02 

m/z 14766 0.77 (0.68-0.85) <0.001  0.62 (0.50-0.73) 0.06 

NT-proBNP 0.88 (0.82-0.94) <0.001  0.87 (0.80-0.94) <0.001 
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Table 7-4 Baseline Biomarker Levels In Relation To Outcome In ICD Recipients 
 

Biomarker 

Peak Intensity 

Event-free survival 
(n=91) 

Survival with 
appropriate ICD therapy 

(n=39) 

All-cause mortality 
(n=11) 

m/z 4221 37.1 (21.6-73.4) 39.0 (34.5-68.5) 56.1 (26.9-78.4) 

m/z 5351 9.4 (4.7-22.6) 10.0 (5.8-22.3) 10.1 (6.8-36.6) 

m/z 5921 111.0 (59.4-191.9) 102.5 (73.5-182.7) 159.6 (94.5-252.7) 

m/z 6125 9.9 (5.9-16.9) 9.8 (6.3-15.2) 14.3 (8.2-23.7) 

m/z 11834 5.8 (4.4-9.3) 5.8 (4.4-9.3) 18.6 (6.0-29.9) 

m/z 14766 3.0 (2.3-3.8) 3.0 (2.3-3.8) 5.7 (2.6-6.8) 

NT-proBNP 
(pmol/L) 

412.1 (124.6-1144.3) 820 .6 (399.3-1118.1) 2207.1 (611.3-2883.2) 

 
Peak intensity data are expressed as median (lower quartile to upper quartile). 
m/z, mass/charge. 
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Table 7-5 Biomarker Univariate Predictors Of All-Cause Mortality And Survival With 

Appropriate ICD Therapy 

 

 

m/z, mass/charge. 
 
 

 

Biomarker 
All-cause Mortality  

Survival with appropriate ICD 
therapy 

P value 
Hazard Ratio 

(95% CI) 
 P value 

Hazard Ratio 
(95% CI) 

m/z 4221 0.51 1.00 (0.99-1.02)  0.85 1.00 (0.99-1.01) 

m/z 5351 0.01 1.02 (1.00-1.03)  0.89 1.00 (0.98-1.02) 

m/z 5921 0.02 1.01 (1.00-1.01)  0.50 1.00 (0.99-1.00) 

m/z 6125 0.002 1.03 (1.01-1.05)  0.45 0.99 (0.95-1.02) 

m/z 11834 0.002 1.04 (1.02-1.06)  0.48 1.01 (0.98-1.04) 

m/z 14766 0.007 1.40 (1.10-1.80)  0.36 0.89 (0.70-1.14) 

Log NT-proBNP 0.001 53.08 (4.96-568.4)  0.01 2.33 (1.20-4.53) 



 

 121  

Figure 7-1 Relationship Between Clinical Status And Biomarker Peak Intensity For 

Biomarkers (A) m/z 11834 , (B) m/z 14766 and (C) m/z 5351 

Patients are grouped into controls, and for patients with LVEF ≤40%, by NYHA class (III/IV 
combined). The peak intensity levels are presented as box (25th percentile, median, 75th 
percentile) and whisker (10th and 90th percentiles) plots. Patient numbers are indicated. The 
Jonckheere-Terpstra test was used to assess the trend in peak intensity levels across patient 
groups. 
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Figure 7-2  Increased Expression Of Peak M/Z 11834 In Patients With ICDs That Died 

Compared To Those That Survived 

A region of mass spectra from 10 to 16 kDa has been expanded and aligned for 4 patients that 
died during follow-up and 4 patients that survived. Peak intensity for biomarker peak m/z 11834 
(arrow) is higher in patients that died versus those that survived. The x-axis is the ratio of mass-
to-charge (m/z) and the y-axis represents peak intensity. 
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Figure 7-3 Kaplan–Meier Survival Curve Analysis For All-Cause Mortality In ICD 

Patients 

Patient groups are stratified by: (A) m/z 11834 signal intensity (cut-off 17.5) and (B) m/z 14766 
signal intensity (cut-off 5.6). 
 

. 
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7.4. Discussion 

The main findings of this pilot study are that, using proteomic techniques, I have identified 

serum biomarkers that are differentially expressed in patients with SHF compared to controls, 

and that these biomarkers predict all-cause mortality in patients with ICDs on the background of 

LVSD. Furthermore, although these biomarkers are associated with all-cause mortality, they do 

not predict the occurrence of appropriate ICD therapy. These findings demonstrate proof-of-

principle, and suggest that a proteomic approach may be useful in the identification of 

biomarkers that predict overall mortality, as well as mode of death, in patients with LVSD. 

However, the study is too small, with too short a follow-up, for firm conclusions to be drawn. 

Furthermore, none of the proteomic biomarkers outperformed NT-proBNP in either a diagnostic 

or prognostic role. 

 

My finding, that proteomic techniques can be used to identify biomarkers with diagnostic 

accuracy in SHF, is consistent with the results of other studies (182). Jones et al. evaluated the 

diagnostic value of plasma proteomic biomarkers in 100 patients with SHF and 100 matched 

controls (182). Using matrix assisted laser desorption ionisation  time-of-flight mass 

spectrometry, a complementary proteomic technique, they identified 67 protein peaks that were 

differentially expressed between SHF and control patients, of which 6 had independent 

predictive value when used in addition to NT-proBNP. 

 

To my knowledge this is the first study to evaluate the potential use of proteomic techniques to 

identify biomarkers that predict mortality in patients with LVSD. The ability to predict mode of 

death in patients with LVSD is important, as the efficacy and cost-effectiveness of ICD therapy 

depends not just on the overall risk of death, but also the relative contribution of SCD and non-

sudden death. ICD therapy improves overall survival in patients at high risk of SCD by 

recognising and terminating life-threatening ventricular arrhythmias.  However it does not 

prevent non-SCD, which in patients with LVSD is predominantly due to pump failure (17). 

Furthermore, even in patients at high SCD risk ICD therapy does not improve overall survival if 

the risk of non-SCD is significantly elevated (110). There is therefore significant clinical value 

in identifying novel markers of non-SCD risk that may identify patients with LVSD who are 

unlikely to benefit from ICD therapy. 

 

In my study, 5 of the 6 proteomic peaks differentially expressed in SHF predicted all-cause 

mortality in patients with LVSD, but none predicted the occurrence of ventricular arrhythmias. 

It is interesting to speculate that this may reflect the different pathophysiological mechanisms 

underlying pump failure death and SCD, in patients with LVSD. Although a range of potentially 
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proarrhythmic structural and functional changes have been described in patients with LVSD, the 

precise pathophysiological processes that leads to SCD are not clearly understood (41). The 

identification of biomarkers associated with mode of death may help better understand the 

pathological processes underlying mortality in patients with LVSD. 

 

The levels of all 5 proteomic biomarkers associated with mortality were higher in patients that 

died compared to those that survived. However, in the identification phase of the study the 

levels of 3 of these biomarkers (m/z 5351, 5921 and 6125) were actually lower in patients with 

SHF compared to controls. Although a non-linear relationship between biomarkers and disease 

severity in SHF has been described, my findings are new and require confirmation (233). 

 

My results suggest that a proteomic approach may be useful in the identification of biomarkers 

that predict mode of death. However, to be of clinical value such biomarkers would need to add 

incremental prognostic accuracy in addition to the currently available clinical risk models and 

there are currently no data to support this possibility (109, 110). 

 

The aim of this study was to demonstrate proof-of-principle, that a proteomic approach may be 

able to identify prognostic biomarkers in patients with LVSD. As such, I performed only limited 

proteomic profiling, using one surface chemistry (CM10) and a single set of binding conditions 

- an approach that has been used successfully by other investigators - in a small group of 

patients with a relatively short follow-up (170). I have not established the identities of the 

proteomic peaks, as I feel that the next step would be to perform more exhaustive proteomic 

profiling in an appropriately powered study, and only then identify the most discriminative 

peaks. My limited profiling yielded approximately 100 analysable protein peaks. However, it 

has been estimated that up to 900,000 plasma proteins exist, and therefore I have only analysed 

a very small subset of the serum proteome (234). It is likely that using a range of surface 

chemistries and binding conditions would identify a significantly greater number of potential 

biomarkers (178).  

 

Although my coefficient of variation of the normalised peak intensities is consistent with 

published data it is significantly higher than that of more conventional measurement methods, 

such as those using antibodies (170, 235). Thus the biomarker peaks I identified are likely to 

have significantly better diagnostic and prognostic accuracy than suggested by the spectra, once 

identified and measured using more conventional methods.  
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7.4.1. Limitations 

The study sample is small and the number of patients reaching the study end-points low. 

Furthermore, the follow-up in the prognostic part of the study was relatively short. My findings 

need repeating in a significantly larger cohort with a longer follow-up. 

 

Although I have found that specific proteomic peaks have diagnostic and prognostic value in 

patients with LVSD, the actual identity of these proteins is not known. This is an important 

issue in proteomic research as there is a significant risk of false positive results with the multiple 

biomarker peaks being analysed (166). Identification of the protein peaks enables demonstration 

of biological plausibility, thereby strengthening the conclusions that can be drawn, as well as 

potentially enabling insight to be gained into the underlying pathophysiology. In addition, the 

study sample is small and the number of patients reaching the end-points low, which again, may 

potentially increase the risk of false positive discovery. However, the protein peaks were 

identified in two separate randomly selected sets of SHF patients and controls, and then 

evaluated in a separate prospective study using a separate prognostic end-point (all cause 

mortality). These factors suggest that, despite the study limitations, the protein peaks I identified 

are less likely to be false positive findings. 

 

Delivery of appropriate ICD therapy is not always a surrogate for preventable SCD. However, 

with current guidelines widening the recipient population for ICDs, the investigation of 

predictors of SCD in higher risk patients is difficult, as most such patients are indicated for an 

ICD. (50). Lastly, the timing of TTE prior to study entry was variable. Although the majority of 

patients (72.3%) had their imaging in the 12 months prior to study entry many patients had their 

TTE at least a year prior to entry into the study. Both positive and negative left ventricular 

remodelling can take place and therefore in some patients the LVEF recorded by TTE may not 

be an accurate reflection of left ventricular function at study entry. 

 

7.5. Conclusions 

In this pilot study I have used proteomic techniques to identify serum biomarkers that are 

differentially expressed in patients with SHF and predict all-cause mortality, but not appropriate 

ICD therapy, in patients with ICDs on the background of LVSD. These results provide proof-of-

principle, and suggest that a proteomic approach may be useful in the identification of 

biomarkers that predict overall mortality, as well as mode of death, in patients with LVSD.  
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8. LEFT VENTRICULAR SCAR TISSUE 

8.1. Introduction 

Assessment of LVEF has been used historically as the discriminant test to define SCD risk in 

patients with CAD (50). However its predictive accuracy is weak (93). Thus, many patients who 

receive ICD therapy in the light of current guidelines informed by LVEF assessment will never 

benefit from the device. 

  

Late gadolinium enhancement cardiac magnetic resonance imaging (LGE-CMR) can accurately 

and reproducibly identify areas of myocardial injury, enabling discrimination between 

subendocardial and transmural scar (186, 187). The amount, as well as the transmural extent, of 

myocardial scar tissue on LGE-CMR has been shown to predict overall mortality in patients 

with CAD independently of reduced LVEF (188, 189, 236). 

 

The mechanistic role of myocardial scar in the genesis of VA that may underlie arrhythmic SCD 

is well established (43). The aim of this study was to assess whether the extent of LV scar, 

quantified by LGE-CMR, is associated with the occurrence of appropriate ICD therapy in ICD 

recipients with CAD. It tested the hypothesis that LV scar burden, quantified by LGE-CMR, 

may be more strongly associated with the occurrence of VA, as a surrogate for arrhythmic SCD, 

than LVEF. 

 

8.2. Methods 

8.2.1. Study Population 

The study was conducted in a retrospective observational manner, at the Wessex Cardiothoracic 

Unit, a regional cardiothoracic centre serving a population of approximately 2.8 million people. 

The study population consisted of consecutive patients with CAD who had undergone LGE-

CMR prior to ICD implantation over a 4 year period (2006-2009). 

 

8.2.2. Definition of CAD 

CAD was defined as ≥70% stenosis in at least 1 epicardial coronary vessel on angiography 

and/or history of MI or coronary revascularisation. All patients underwent diagnostic coronary 

angiography with images reviewed by a Consultant cardiologist. 

  

8.2.3. ICD Details 

All patients received an ICD according to national guidelines (72). Patients also meeting criteria 

for cardiac resynchronisation therapy (CRT) received a combined cardiac resynchronisation 

(CRT-D) device (237). Patients received a CRT-D device (Consulta, Concerto, [Medtronic, 
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Minneapolis, Mn., USA]; Cognis [Boston Scientific, Natick, Mass., USA]; Contak Renewal 

[Boston Scientific, formerly Guidant]; Ovatio [Sorin Group, Milan, Italy]; Atlas [St. Jude 

Medical, St. Paul, Minn., USA)]), or a dual or single chamber ICD (Secura, Virtuoso 

[Medtronic]; Teligen [Boston]; Ovatio [Sorin]; Atlas [St Jude Medical]). 

 

8.2.4. CMR Data Acquisition 

All patients were scanned on a dedicated 1.5-T Avanto MRI system (Siemens Medical Systems, 

Erlangen, Germany).  After initial localiser sequences, a stack of steady-state free precession 

cine images were acquired in the short axis plane from the level of the mitral valve annulus to 

the LV apex. Following this, 0.15 mmol/kg gadobenate dimeglumine (Multihance, Bracco SpA, 

Milan, Italy) was administered intravenously. Short axis LGE images were acquired using a 3D 

segmented inversion recovery fast gradient echo sequence (3D IR turboFLASH) in two breath 

holds. An appropriate time to inversion was selected to null the normal myocardium. 

 

8.2.5. CMR Analysis 

Ejection fraction and volumes were analysed on commercially available post-processing 

software. Short-axis cine images were used to measure end-diastolic volume, end-systolic 

volume and LVEF by standard methods. Papillary muscles were regarded as part of the 

ventricular cavity. 

 

Scar analysis was performed using semi-automated software developed at Southampton as a 

plugin to the open-source DICOM viewer OsiriX (OsiriX Project, Geneva, Switzerland) (Figure 

8-1) (238). Endocardial and epicardial LV myocardial borders were manually delineated on the 

short axis LGE-CMR images. 

 

For each patient the maximum signal intensity (SI) within an infarct region in each image of the 

LV stack was automatically determined, and scar was defined as myocardium with a signal 

intensity ≥50% of the maximum SI. Scar was automatically segmented and any areas identified 

as scar by the software but not deemed to be scar by the user were excluded manually. Three 

complementary aspects of scar were quantified: (1) the amount of scar, quantified as a 

percentage of the total LV myocardial volume; (2) the total scar surface area (including 

epicardial and endocardial surfaces); (3) the transmural extent of scar. For the transmural scar 

assessment, scar transmurality was split into quartiles (1-25%, 26-50%, 51-75% and 76-100%), 

and the number of segments of myocardium, based on a standard American Heart Association 

17-segment model, with each quartile of scar, were quantified (239). CMR analysis was 

performed blinded to the clinical outcomes. 
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In order to evaluate intra- and inter-observer agreement for the scar analysis methodology, the 

percent scar assessment was repeated in 15 patients by the same observer and 15 patients by a 

second observer, blinded to the results of the initial analysis. 

 

8.2.6. Study Follow-up and End-point 

All patients were followed up every 3-6 months with a hospital visit or via a remote patient 

management system. Patients under remote follow-up also attended the hospital every 6 months. 

At each hospital visit the patient was clinically assessed and the device interrogated. The 

occurrence of any ICD therapy was recorded. Appropriate ICD therapy was defined as: 

(i) Antitachycardia pacing therapy (ATP) for VT. 

(ii) Shock therapy for VT or VF. 

 

Correct arrhythmia detection/discrimination was confirmed by analysis of stored electrograms 

by two electrophysiologists blinded to the CMR analysis. 

 

Appropriate ICD therapy was chosen as the study end-point, as a surrogate for the potential to 

benefit from ICD therapy, including SCD risk reduction. However, I recognise that appropriate 

ICD therapy does not equate to SCD prevention in all patients, and that in some patients, 

prevention of SCD does not translate into a significant increase in life expectancy, as some 

patients will subsequently suffer death from pump failure or another cause (101, 221). 

 

8.2.7. Statistics 

Categorical variables are expressed as percentages (numbers). Normally distributed continuous 

variables are expressed as mean ± standard deviation, and compared using Student's t-test. 

Variables not normally distributed are expressed as median (lower quartile to upper quartile). 

 

The association between clinical, electrocardiographic and CMR variables, and the study end-

point, were assessed in univariate Cox proportional hazards analyses. Since the aim of the study 

was to explore the association between the extent of LV scar and appropriate ICD therapy, a 

multivariable model was constructed with number of transmural scar segments as the scar 

variable, and amiodarone use, any previous pre-ICD revascularisation, and LVEF, as the 

covariables. These covariables were chosen based on the univariate analysis results, as well as 

previous studies, and were necessarily limited due to the small number of patients that received 

appropriate ICD therapy (n=19). In view of the strong correlation between percent scar and 

number of transmural scar segments (Pearson correlation 0.8, p<0.001), only the scar variable 

with the strongest association with the study end-point (number of transmural scar segments) 

was used in the multivariable model. The proportional hazards assumption was checked by 
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plotting the Schoenfeld residuals against rank time, and fitting a smooth curve with 95% 

confidence bands, as well as plotting log(-log[survival probability]) against time for different 

variables, to ensure that the curves were parallel (193, 240). Unadjusted and adjusted hazard 

ratios (HR) with their corresponding 95% confidence intervals (CI) are reported. 

 

To explore the relationship between VA burden and the extent of scar, the VA rate (number of 

appropriate ICD therapies per year) for each patient was calculated, and the association between 

arrhythmia rate and scar variables (percent scar and number of transmural scar segments) was 

assessed using Spearman’s rank correlation. 

 

For scar variables with a significant association with the study end-point (percent scar and 

number of transmural scar segments), the study population was divided into two groups, based 

on the observed median value for each variable, and event rates were analysed by the method of 

Kaplan-Meier. Differences in event rate between groups over time were compared using the 

log-rank test. 

 

Intra-observer and inter-observer agreement for scar quantification measurements were 

calculated using the intraclass correlation coefficient for absolute agreement. 

 

Statistical analyses were performed on SPSS Version 17 (SPSS Inc., Chicago, IL, USA). In all 

analyses a p value of <0.05 was considered significant. 
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Figure 8-1 Scar Analysis In A Patient With A Previous MI 
(A) A Short-axis LGE-CMR image has been loaded onto customised software. (B) The left 
ventricular epi- and endocardium have been outlined manually. (C) The maximum signal 
intensity within the infarct region has been determined, and the infarct core, defined as signal 
intensity ≥50%, automatically detected. (D) The image has been segmented according to the 
American Heart Association 17-segment model, to enable transmurality assessment. 
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8.3. Results 

8.3.1. Patient Characteristics  

During the study period there were 257 new ICD implants for CAD, of which 64 (25%) had a 

LGE-CMR prior to device implantation and were included in the study. The characteristics of 

patients who had a LGE-CMR (n=64) and were included in the study were broadly similar to 

those who did not have a LGE-CMR (n=193) (Table 8-1). However, patients that did not have 

LGE-CMR were significantly more likely to have had a previous MI than patients that did have 

a scan (92 vs. 77%, p=0.003). 

 

Baseline demographics of the 64 patients included in the study are shown in Table 8-1. There 

was a balanced distribution of primary and secondary indication patients (48% vs. 52% 

respectively). Patients were on optimal medical therapy for heart failure (beta-blockade in 86% 

and ACE-inhibition/angiotensin receptor blockade in 88%). The ICD VT treatment zone lower 

setting was similar in patients who did, and did not, experience the study end-point (147±26 

bpm vs. 149±23 bpm respectively; p=0.83). 

 

In all patients LGE-CMR was performed to guide the need for potential revascularisation prior 

to ICD implantation. This included an assessment of myocardial viability in all patients, as well 

as an assessment of ischaemic burden in the majority of patients (73%, n=47). 

 

8.3.2. Assessment of Ischaemic Burden 

Of the 47 patients who had an assessment of ischaemic burden performed as part of their LGE-

CMR 15 had evidence of reversible ischaemia, and in 9 of these it was considered clinically 

appropriate to perform surgical/percutaneous revascularisation prior to ICD implantation. 

 

8.3.3. Clinical Outcomes 

During a mean follow-up of 19±10 months, 19 (30%) patients received appropriate ICD therapy 

and 5 (8%) patients died. The distribution of appropriate ICD therapies was: 

• No episodes of appropriate ICD therapy – 45 patients 

• Appropriate ICD therapy for VT (rate <182bpm) only – 10 patients 

• Appropriate ICD therapy for fast VT (rate ≥182bpm) (230) – 8 patients 

• Appropriate ICD therapy for VF – 1 patient 
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For the 19 patients that received appropriate ICD therapy, the median number of episodes per 

patient was 3, and the median rate of appropriate ICD therapies per patient was 2.1 therapies per 

year. Seven patients were treated with shock therapy, and the remaining 12 with ATP only. 

 

8.3.4. MRI Variables 

In the study population median LVEF was 30% (22 to 39%), with a range of 11-78%. The mean 

end-systolic volume was 192±96 mls, and mean end-diastolic volume 269±97 mls. Fifty-eight 

patients (91%) had evidence of scar tissue on the late enhancement images. The mean percent 

scar was 14±10%, mean scar surface area 89±60 cm2, and mean number of myocardial 

segments with transmural scar 2.3±2.1. 

 

The intraclass correlation coefficient for percent scar quantification was 0.91 for intra-observer 

agreement and 0.89 for inter-observer agreement (p<0.001 for both), demonstrating high 

reproducibility. 

 

8.3.5. Relationship of Scar Indices to Outcomes 

In univariate analyses, variables significantly associated with the study end-point were percent 

scar (HR per 10% increase 1.75; 95% CI 1.09-2.81; p=0.02), number of transmural scar 

segments (HR per segment 1.40; 95% CI 1.15-1.70; p=0.001), amiodarone use (HR 0.12; 95% 

CI 0.02-0.97; p=0.04), and any previous pre-ICD revascularisation (HR 0.30; 95% CI 0.09-0.95; 

p=0.04) (Table 8-2). The associations with both percent scar (HR per 10% 1.80; 95% CI 1.07-

3.02; p=0.03) and number of transmural scar segments (HR per segment 1.41; 95 CI 1.15-1.74; 

p=0.001) remained significant when the 6 patients without myocardial scar were excluded. 

Notably, LVEF (p=0.86), QRS width (p=0.13), and scar surface area (p=0.15) were not 

associated with the study end-point. 

 

After adjustment for multiple covariates (amiodarone use, any previous pre-ICD 

revascularisation, and LVEF) (see Methods section), number of transmural scar segments 

remained strongly associated with the occurrence of appropriate ICD therapy (HR per segment 

1.48; 95% CI 1.18-1.84; p=0.001) (Table 8-2). 

 

8.3.6. Relationship of Scar Indices to Ventricular Arrhythmia Burden 

There was a significant association between the amount of scar, quantified as both percent scar 

(Spearman’s rank correlation 0.33, p=0.008) and number of transmural scar segments 

(Spearman’s rank correlation 0.45, p<0.001), and burden of ventricular arrhythmias, expressed 

as the rate of appropriate ICD therapy (number of therapies per year). 
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8.3.7. MRI scar and Kaplan-Meier Analysis 

Survival curves were compared between patient groups stratified by scar indices (percent scar 

and number of transmural scar segments). For percent scar, patients were separated into two 

groups based on the median value (12.6%). Using Kaplan-Meier analysis, appropriate ICD 

therapy occurred in 15 of 33 patients with >12.6% scar, compared to only 4 of 31 patients with 

≤12.6% scar (p=0.02) (Figure 8-2). 

 

For number of transmural scar segments, patients were again separated into two groups based 

on the median value (2 segments). Using Kaplan-Meier analysis, appropriate ICD therapy 

occurred in 15 of 33 patients with ≥2 segments of transmural scar, compared to only 4 of 31 

patients with <2 segments (p=0.016) (Figure 8-2). 
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 Table 8-1 Clinical characteristics of all new ICD implants during the study period, 

presented on the basis of whether they had a LGE-CMR prior to ICD implantation 

 

 All new ICD Implants (n=257) 

P value LGE-CMR 

(n=64) 

No LGE-CMR 

(n=193) 

Age (years) 66±11 69±9 0.06 

Male Sex % (no.) 80 (51) 87 (168) 0.16 

History of AF % (no.) 27 (17) 34 (65) 0.35 

Diabetes % (no.) 27 (17) 27 (53) 1.0 

Hypertension % (no.) 47 (30) 36 (70) 0.14 

Previous MI % (no.) 77 (49) 92 (177) 0.003 

Previous PCI % (no.) 20 (13) 18 (35) 0.71 

Previous CABG % (no.) 33 (21) 44 (85) 0.14 

Any previous pre-ICD revascularisation % (no.) 44 (28) 56 (109) 0.08 

Device Type % (no.)    

ICD single chamber 12 (8) 18 (35) 0.34 

ICD dual chamber 50 (32) 47 (91) 0.77 

CRT-D 38 (24) 35 (67) 0.76 

ICD VT treatment zone lower setting (bpm) 148±24 149±19 0.65 

Resting heart rate (bpm) 64±13 67±11 0.09 

QRS width (ms) 122±31 125±29 0.44 

ICD indication % (no.)    

Primary Prevention 48 (31) 42 (82) 0.47 

Secondary prevention 52 (33) 58 (111) - 

Beta-blocker % (no.) 86 (55) 74 (142) 0.06 

ACE-I/ARB % (no.) 88 (56) 85 (165) 0.84 

Amiodarone % (no.) 23 (15) 27 (52) 0.63 

Creatinine (µmol/l) 111±35 121±36 0.05 

Haemoglobin (g/dl) 130±16 132±18 0.43 

 
PCI, percutaneous intervention; CABG, coronary artery bypass grafting. 
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Table 8-2 Cox Proportional Hazards Analyses Demonstrating The Association Of Clinical, 

Biochemical, ECG And CMR Variables, And The Occurrence Of Appropriate ICD 

Therapy 
 

 
LVEDV, left ventricular end-diastolic volume. 
 

 Univariate Analysis Multivariable Analysis 

 P 
value 

Hazard Ratio 
(95% CI) 

P 
value 

Hazard Ratio 
(95% CI) 

Clinical, biochemical and ECG variables     

Age (per year) 0.26 0.98 (0.94-1.02)   

Diabetes 0.60 0.77 (0.29-2.03)   

History of AF 0.20 0.45 (0.13-1.53)   

Amiodarone use 0.04 0.12 (0.02-0.97) 0.04 0.09 (0.01-0.98) 

Creatinine (per 10 µmol/l increase) 0.06 0.86 (0.73-1.00)   

Haemoglobin (per g/dl increase) 0.41 1.01 (0.98-1.04)   

QRS width (per 10 ms increase) 0.13 0.88 (0.75-1.04)   

Any previous pre-ICD 
revascularisation 

0.04 0.30 (0.09-0.95) 0.09 0.42 (0.15-1.14) 

CMR variables     

LVEF (per 10% decrease) 0.86 1.03 (0.76-1.39) 0.32 0.84 (0.72-1.19) 

LVEDV (per 10 ml increase) 0.47 1.02 (0.97-1.06)   

Scar mass (per 10g increase) 0.07 1.31 (0.98-1.73)   

Percent scar (per 10% increase) 0.02 1.75 (1.09-2.81)   

Scar surface area (per 10 cm2 increase) 0.15 1.06 (0.98-1.14)   

Number of affected segments by 
transmurality in a 17-segment model:  

    

1% to 25% 0.48 0.67 (0.22-2.04)   

26% to 50% 0.77 0.95 (0.68-1.34)   

51% to 75% 0.15 0.72 (0.45-1.13)   

76% to 100% 0.001 1.40 (1.15-1.70) 0.001 1.48 (1.18-1.84) 
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Figure 8-2 Kaplan–Meier Survival Curves For The Occurrence Of Appropriate ICD 

Therapy  
Patient groups are stratified by (A) Percent left ventricular scar (cut-off >12.6%); (B) Number 
of left ventricular segments with transmural scar (cut-off ≥2 segments). 
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8.4. Discussion 

In a small, retrospective, observational pilot study, I have shown that indices of LV scar, 

quantified by LGE-CMR, are associated with the occurrence of appropriate ICD therapy in 

patients with CAD, independently of LVEF. In an analysis including clinical, biochemical and 

CMR variables, the number of transmural scar segments had the strongest association with the 

occurrence of appropriate ICD therapy. Furthermore, the burden of VA was significantly 

associated with scar burden.  

 

These findings are consistent with those of previous studies. The amount of myocardial scar, 

identified by LGE-CMR,  has been shown to predict all-cause mortality in a range of patient 

groups, including  patients with a previous MI, patients with an ischaemic cardiomyopathy, and 

patients with vascular risk factors but without clinical evidence of a prior MI (186-188, 236, 

241). As SCD accounts for a large proportion of deaths in post-MI and heart failure patients, it 

is plausible that scar quantification predicts the occurrence of VA (17, 37, 77). Scar 

quantification has also been shown to predict inducibility of VA at EPS, and thus identifies 

patients with the substrate for sustained VT. Bello et al. quantified scar using LGE-CMR in 48 

patients with CAD and reduced LVEF undergoing EPS (242). Eighteen of these patients had 

inducible monomorphic VT, and infarct mass (as a percentage of the LV) (p=0.009) and infarct 

surface area (p=0.002) were the strongest predictors of inducibility. 

 

The mechanistic relationship between ventricular scar and arrhythmogenesis is well established 

and post-mortem studies have suggested that scar burden may reflect susceptibility to VT (43, 

243-245). 

 

In my study, although percent scar was associated with the occurrence of appropriate ICD 

therapy, the strongest association was with the number of myocardial segments with full-

thickness (75-100%) scar. The transmural extent of scar, as assessed by LGE-CMR, has been 

shown to predict both the long-term improvement in contractile function following MI and the 

response to revascularisation (246, 247). Interestingly, scar transmurality also predicts mortality 

in patients with a previous MI. Roes et al. quantified myocardial scar with LGE-CMR in 231 

patients with a healed MI (189). Over a mean follow-up of 1.7 years 19 patients died. The 

amount of transmural scar, defined as extending from 51-100% of the LV wall thickness, was a 

significant predictor of death (p=0.003). These findings were confirmed by Kwon et al. in 349 

patients with CAD and significantly reduced LVEF (188). During a mean follow-up of 2.6 years 

there were 56 events (51 deaths and 5 cardiac transplantations), and the amount of transmural 
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scar, defined as the number of segments in a 17-segment model with scar covering 51-100% of 

the LV wall thickness, was significantly higher in patients with an event (p=0.004).  

 

Although the majority of previous LGE-CMR studies have used a binary approach to classify 

myocardium as scar or normal (remote) myocardium, a few studies have used a more graduated 

approach (248-250). It has been suggested that the border zone around an infarct (peri-infarct 

zone),  which has an intermediate LGE-CMR signal intensity between the bright scar and dark 

remote myocardium, contains an admixture of normal and viable myocardium (248). The 

quantification of this peri-infarct zone by LGE-CMR has been found to predict mortality, 

inducibility of VA, and the occurrence of appropriate ICD therapy (248-250). However, there 

are a number of possible mechanisms that may contribute to the intermediate signal intensities 

found in this “peri-infarct” zone, and the histological extent of viable and scar tissue in 

comparison to the LGE-CMR findings needs validation (251).  

 

Several methods are available for the measurement of LGE-CMR scar, ranging from a simple 

visual assessment, to quantitative assessment by planimetry of hyperenhanced areas (184). 

However, these methods can be time consuming, and are relatively operator-dependent. More 

recently, semi-automated methods have been developed in an attempt to improve objectivity. 

However,  these also have limitations (184). One problem with the semi-automated 

quantification of myocardial infarction by LGE-CMR is the lack of a standard definition of scar. 

Many studies have defined scar as having a mean signal intensity of more than a multiple of 

standard deviations (usually 2 or 3) above an area of remote user-defined viable myocardium 

(241, 248). However, using this definition in my dataset resulted in a large overestimation of 

infarct size, which in part may be due to suboptimal signal suppression of remote myocardium, 

or image artifacts. Instead scar was defined as myocardium with a SI ≥50% of the maximum SI 

within an infarct region.  This definition has been used by other researchers, and has been 

shown to correlate most accurately with infarct size in post-mortem studies (250, 252). There 

may be considerable clinical benefit in the development of accurate tools to enable 3-

dimensional modelling of scar tissue for quantification. 

 

Although LGE-CMR scar quantification is associated with outcomes independently of LVEF, it 

is unclear whether it gives incremental prognostic information in addition to other available 

complementary risk stratification tools such as EPS, the presence of NSVT on ambulatory 

monitoring and the assessment of cardiac sympathetic dennervation (50, 253). In addition, a 

consistent problem with most risk stratification tests designed to guide ICD use is their lack of 

specificity for SCD prediction. Although indicative of raised SCD risk, most risk stratification 

tools are also strong predictors of non-SCD mortality, which in the post-MI population is often 
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due to pump failure (81). No studies have evaluated the relationship of LGE-CMR scar 

quantification to non-SCD mortality, and its specificity remains unknown.  

 

8.4.1. Limitations 

This study has limitations. First, it is an observational study, and has all the limitations inherent 

in such a study design (254). Second, I included only a small number of patients, with a short 

follow-up. The results need confirming in a larger cohort with a longer follow-up. 

 

Third, during the 4-year study period only 25% of new ICD implants for patients with CAD had 

a LGE-CMR prior to device implantation. Although the baseline demographics of ICD 

recipients who did and did not have a LGE-CMR were broadly similar, LGE-CMR is an 

expensive investigation and there may well be some selection bias related to local referral 

patterns not adequately captured by this baseline demographic data. In addition, patients with 

both primary and secondary prevention indications were included, and therefore the study 

cohort does not fully reflect the patient population (primary prevention patients) in whom risk 

stratification tests are most needed. Both of these factors may limit the generalisability of the 

results. Fourth, in this study the median LVEF, at 30%, is relatively high, likely reflecting the 

high proportion of secondary prevention patients (52%) included. Consequently there may be a 

relative underrepresentation of low LVEF patients in the study.  This is a significant limitation, 

and, in view of the small number of patients included in the study, may limit the generalisability 

of my results to the low LVEF population.  

 

Fifth, nine patients had revascularisation between their LGE-CMR and ICD implantation. 

Although this revascularisation would not have reduced the amount of LV scar, it may have 

altered the left ventricular volumes and LVEF, as well as potentially increased the amount of 

LV scar, compared to the values measured by the CMR and subsequently included in my 

analysis. Although I included “any previous pre-ICD revascularisation” as a variable in the 

multivariable analysis, this would not have adjusted for any changes in the variables between 

the LGE-CMR and ICD implantation, and as a consequence may have impacted on my results.  

 

Lastly, although I have demonstrated that scar quantification using my methodology is 

reproducible, it is unclear how well it correlates with infarct size in my dataset. This problem is 

a general limitation of the methodology of scar quantification using semi-automated tools, and 

would benefit from a standardised scar definition, as well as further anatomical validation in 

additional datasets. However this study is hypothesis generating, as to my knowledge this is the 

first study to show correlation between scar burden and ventricular arrhythmia burden. 
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8.5. Conclusions 

In this single centre pilot study of patients with CAD and ICDs, the extent of LV scar, 

characterised by LGE-CMR, is strongly associated with the occurrence of spontaneous 

ventricular arrhythmias. Its association is independent of LVEF. I hypothesise that LGE-CMR 

may be a valuable risk stratification tool to guide optimal ICD use. However, its specificity for 

SCD and its incremental prognostic value when used in addition to other available risk 

stratification tests are unknown, and need to be evaluated by an appropriately powered study 

using improved tools for automated and accurate scar quantification.  
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9. SUMMARY DISCUSSION 

9.1. Summary Of Key Findings 

9.1.1. The Epidemiology of ICD Use 

My thesis addressed two important issues with respect to the epidemiology of ICD use in 

England and Wales. Firstly, based on the revised NICE guidelines, what is the actual 

requirement for ICD therapy for the primary prevention of SCD post-MI, and secondly, whether 

the prescription of ICD therapy is influenced by clinical setting. 

 

My results suggest that there is significant underuse of ICD therapy in England and Wales. My 

study estimated that, using NICE guidance updated in 2006, the incidence of indications for 

ICD therapy for the primary prevention of SCD due to CAD was 29-39/million/year. A recent 

estimate of the incidence of ICD secondary prevention indications based on current NICE 

guidance was 76/million/year (69). Taken together these imply a combined ICD indication 

incidence in the region of 105-115/million/year. At the time of the study the overall new ICD 

implant rate in England and Wales was 40/million/year (2005). An increase in device use to 

achieve the estimated implantation rate based on my findings would have significant cost 

implications. Using the published NICE costs of £20102 per device, which includes follow-up 

appointments and replacement/repair costs (though based on 2004 costs), but not the potential 

cost saving of a reduction in cardiac events, would mean an extra cost of approximately £74-86 

million ($152-177 million, 103-120 million Euro) per year to the NHS (199). 

 

As well as significant under-provision of ICD therapy, there is also considerable regional 

variation in implant rates in England and Wales (73). The National Device Survey for 2006, 

demonstrated a nearly three-fold difference in new ICD implantation rates between the lowest 

(26/million) and highest (73/million) implanting regions (63). In order to improve ICD uptake it 

is important to understand the reasons underlying this regional variation. 

 

My results suggest that the prescription of ICD therapy is significantly influenced by clinical 

setting.  In my study, implant rates were approximately two-fold higher in areas whose local 

hospital was a regional cardiothoracic centre, than those whose local hospital was a DGH. The 

difference in implant rates was most significant with respect to CAD primary prevention 

indications, where overall implant rates were 2-3 times higher in an area served by a regional 

centre. 

 

Over the 4-year study period the average annual ICD implant rate was 103/million in the area 

served by the Regional Cardiothoracic Centre and 48-49/million in the area served by a DGH. 



 

 144  

My results, as well as those of other investigators, have estimated that the implantation rate 

based on published guidelines should be between 105-504/million/year (69, 70). It is therefore 

likely that these differences reflect an underuse in DGHs rather than an overuse in the regional 

centre, and in fact may actually represent an underuse in the regional centre as well, though not 

as great as in the DGHs. This is supported by the significantly higher implant rates in other 

European countries and North America. 

 

The reasons underlying these findings are probably multifactorial. However an important issue 

is likely to be the limitations and complexity of current SCD risk stratification tools. LVEF 

estimation alone, while widely available and simple to apply, has low sensitivity and specificity 

for SCD. In contrast other risk stratification tests, such as EPS, microvolt T-wave alternans and 

tests of autonomic function, are complex, their availability limited and their role in selection of 

patients for ICD therapy unclear. 

 

These observations set the scene for the development of new clinical processes to identify 

patients with most potential to benefit from ICD therapy. 

 

9.1.2. The Role of Biomarkers To Guide the Use of ICD Therapy 

My thesis evaluated the potential role of biomarkers in the selection of patients for ICD therapy 

in three different areas. First, the accuracy of the most studied individual biomarker, BNP (or 

NT-proBNP), in predicting SCD or the occurrence of ventricular arrhythmias. Second, the 

potential use of a proteomic approach, using SELDI-TOF MS, to identify prognostic biomarkers 

in patients with LVSD. Third, the value of biomarkers in identifying patients with greatest 

potential to gain benefit from ICD therapy. 

 

The results of the meta-analysis suggest that BNP is a powerful indicator of SCD/VA risk, with 

a predictive power that is independent of reduced LVEF. In an analysis, including data on over 

4500 patients, BNP predicted both the occurrence of SCD in patients without ICDs and the 

occurrence of VA in patients with devices. These results are consistent with findings from a 

previous systematic review, that demonstrated that BNP predicts overall mortality in patients 

with heart failure or asymptomatic LVSD, and laboratory studies, that have shown that  

myocardial stretch, of which BNP is a measure, results in several pro-arrhythmic 

electrophysiological changes (128, 216, 217). 

 

Using proteomic techniques, I identified serum biomarkers that were differentially expressed in 

patients with systolic heart failure compared to controls, and in a prospective study 

demonstrated that these biomarkers predicted all-cause mortality in patients with ICDs on the 
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background of LVSD. Furthermore, although these proteomic biomarkers were associated with 

all-cause mortality, they were not associated with the occurrence of appropriate ICD therapy. 

These findings demonstrate proof-of-principle, and suggest that a proteomic approach may be 

useful in the identification of biomarkers that predict overall mortality, as well as mode of 

death, in patients with LVSD.  

 

In a prospective study of ICD recipients, I found that both NT-proBNP and sST2 identified 

patients with advanced heart failure whose short-term mortality risk, even with an ICD, was 

high. The identification of patients whose heart failure is too advanced, and risk of non-sudden 

death too high, to gain significant benefit from an ICD, is an important aspect of the refinement 

of the application of ICD therapy. Although previous studies have found that biomarkers can 

predict mortality in patients with advanced LVSD, this is the first study to demonstrate that they 

may be able to identify patients whose mortality risk is too high to benefit from an ICD (111). 

 

In addition to their poor predictive accuracy for, and lack of specificity for SCD, many currently 

available risk stratification tools have further limitations. Despite being the most widely used 

risk stratification test in clinical practice, the accurate assessment of LVEF is inaccurate with 

poor reproducibility (220). EPS, which is still used to guide ICD use in NICE guidelines, is 

invasive and only available in larger centres (72). Other tests, such as MTWA, require specialist 

equipment and expertise to perform. 

 

In contrast, the use of biomarkers in a model to select patients for ICD therapy has potential 

benefits in comparison to these tools. Their measurement is cheap, reproducible, straightforward 

and non-invasive. Furthermore, rather than necessarily dichotomising risk as high or low, as 

many tests such as EPS or MTWA do, biomarkers can expresses risk as a continuum and this 

too may be advantageous. In addition, in patients with acquired heart disease, risk is a dynamic 

rather than static quantity, and the non-invasive nature of biomarker assessment lends itself to 

repeated measurement over time. 

 

9.1.3. The Role of LGE-CMR In Patient Selection 

My thesis evaluated the association of the extent of LV scar, quantified by LGE-CMR, and the 

occurrence of appropriate ICD therapy. In my study, LV scar quantification by LGE-CMR, was 

strongly associated with the occurrence of appropriate ICD therapy, as a surrogate for SCD, in 

patients with CAD. Its predictive accuracy was independent of LVEF. Furthermore, the burden 

of ventricular arrhythmias was significantly associated with scar burden, with patients with a 

greater extent of LV scar having an increased frequency of ventricular arrhythmias during 

follow-up. 
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My findings are consistent with those of previous studies in patients with CAD that have 

demonstrated an association between the amount of LV scar, identified by LGE-CMR, and both 

all-cause mortality and inducibility of ventricular arrhythmias at EPS (186-188, 236, 241, 242). 

They are also consistent with the mechanistic role of ventricular scar in the genesis of 

ventricular arrhythmias (43, 243-245). 

 

9.2. Unresolved Questions And Future Research Recommendations 

9.2.1. The Epidemiology of ICD Use 

Since my studies were performed there has been a gradual increase in ICD implantation rates in 

the UK. The new ICD implant rate in England has risen from just over 40/million in 2005 to just 

over 60/million in 2008 and 2009 (255). However the implant rate is still significantly lower 

than elsewhere in Europe and there remains significant regional variation in ICD use (255). 

Furthermore, this is not just a UK problem, as the underuse and regional disparity are present 

throughout Europe and in some parts of North America (64, 66, 202). 

 

It has been suggested that much of the underutilisation of ICD therapy relates to three factors: 

shortage of electrophysiologists, difficult or confusing financial circumstances, and poorly 

developed local referral strategies and care pathways (64). While research is unlikely to have an 

impact on the first two factors, understanding where the ‘block’ to patients being referred for 

ICD therapy is important. Though my results suggest that clinical setting has a significant 

impact on implant rates in the area served by Southampton University Hospitals, it is unclear to 

what degree this is a universal rather than a local problem. Furthermore, it is unclear if the 

problem relates to patients not being referred by general physicians, or from primary care, to 

cardiologists, or whether cardiologists are not referring patients on to the local implanting 

centre. 

 

In order to improve implant rates and reduce regional disparity of ICD use in the UK, it is 

essential to better understand these factors, as well as the degree to which they impact on 

implant rates. 

 

9.2.2. The Role of Biomarkers To Guide the use of ICD Therapy 

The results of my studies suggest that in patients with LVSD individual biomarkers can predict 

all-cause mortality (NT-proBNP and sST2) and the occurrence of ventricular arrhythmias (NT-

proBNP) in ICD recipients, as well as SCD (NT-proBNP) in patients without devices. As such 

they may be useful in identifying patients who are likely to gain most benefit from ICD therapy. 
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However, there are a number of unresolved issues that need addressing before they could be 

considered for clinical, rather than research use. 

 

My work is the first to explore the use of biomarkers to identify patients whose risk of death is 

too high to gain significant benefit from ICD therapy. My findings need repeating in a larger 

cohort with longer follow-up, and patients enrolled at the time of initial device implantation, 

both to confirm my results, as well as establish the optimum biomarker cut-off values. Though 

my results suggest that the biomarkers NT-proBNP and sST2 provide prognostic information 

that is independent of age and creatinine, two of the individual markers that have been used in 

previous studies, it is unclear how they compare to the clinical risk models evaluated by Levy et 

al. and Goldenberg et al. (109, 110). For the biomarkers to be of clinical value they need to add 

incremental prognostic information in addition to these clinical risk models, and this needs to be 

established with further work. Furthermore, it is likely that future risk stratification models to 

select patients for ICD therapy will combine multiple tests that provide complementary 

information regarding sudden and non-sudden death risk, and therefore biomarkers should be 

evaluated in combination with multiple other tests, including established ones, such as LVEF 

estimation, and evolving ones, such as the assessment of cardiac sympathetic denervation (253). 

 

My results also suggest that an approach using proteomic techniques may be useful in the 

identification of biomarkers that predict overall mortality, as well as mode of death, in LVSD. 

However my study provided only proof-of-principle and the findings need repeating in a larger 

cohort, with more exhaustive proteomic profiling and identification of the differentiating protein 

peaks. 

 

9.2.3. The Role of LGE-CMR In Selection of Patients for ICD Therapy 

The results of my study suggest that scar quantification, by LGE-CMR, may be a valuable risk 

stratification tool to guide optimal ICD use. However, there are a number of unresolved issues 

that need addressing prior to its more widespread clinical use. 

 

First, its specificity for SCD, versus non-sudden death, is unknown. This is a universal problem 

with currently available SCD risk stratification tools, and it is unclear whether scar 

quantification by LGE-CMR has similar limitations. 

 

Second, although in my dataset, as well as in other studies, LGE-CMR scar quantification 

predicts outcomes independently of LVEF, it is unclear whether it gives incremental prognostic 

information in addition to other available complementary risk stratification tools, or whether it 

could be used in combination with other tests. 
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Third, there is currently no standardised definition of myocardial scar on LGE-CMR. Previous 

studies have used differing methods of scar quantification, with varying definitions of scar. The 

methods available for the quantification of LV scar by LGE-CMR range from a simple visual 

assessment, to quantitative assessment by planimetry of hyperenhanced areas, and semi-

automated detection of scar using specifically designed software, as used in my study (184). 

Although semi-automated scar detection is likely to be more objective than other methods of 

scar quantification its main limitation is a lack of a standard definition of scar. If LGE-CMR 

scar quantification is to become a useful clinical tool for the risk stratification of SCD, more 

standardisation of scar quantification methodology is needed. 

 

Future research needs to evaluate LGE-CMR scar quantification prospectively, in conjunction 

with other contemporary risk stratification tools. Such a study would need to be appropriately 

powered to predict both sudden and non-sudden cardiac death, and use improved tools for 

automated and accurate scar quantification. A prospective, multicentre trial, evaluating the 

potential role of LGE-CMR-guided ICD therapy, is currently enrolling patients. The 

DETERMINE study is designed to test the hypothesis that ICD therapy improves survival in 

patients with a previous MI, LVEF >35%, but ≥10% LV scar on LGE-CMR (256). The study 

aims to enrol 1,550 patients over 36 months, and should answer some of these unresolved 

questions. 

 

9.3. Limitations 

Each study included in this thesis has specific limitations, and these are described in detail in the 

relevant chapters. However, there are also some general limitations common to more than one 

of the studies. 

 

First, all of the studies, other than the meta-analysis, have been performed at a single institution. 

This is an important limitation, as it questions whether it is possible to generalise the results of 

my research to the wider population. 

 

Second, three of the studies (Chapters 3, 4 and 8) were retrospective cohort studies. While such 

a study design is a relatively efficient way to address a research question it has important 

limitations. In comparison to prospective studies, retrospective analyses have significant risk of 

bias and confounding, and the results of the retrospective analyses included in my thesis are 

primarily hypothesis generating, rather than giving definitive answers to the research questions 

posed. 
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Third, other than the meta-analysis the studies included relatively small numbers of patients, 

limiting their statistical power. The prospective biomarker studies (Chapters 6 and 7) and the 

retrospective LGE-CMR study (Chapter 8) were in areas where there had been previously little 

published work, and as such were designed as pilot studies to demonstrate a proof-of-principle. 

As detailed earlier in this section, my findings need repeating in larger, prospective studies. 

 

9.4. Conclusions 

Despite well established national guidance, there is both significant underuse of ICD therapy 

and great regional variation in ICD prescription rates in England and Wales. The reasons for this 

are likely to be multifactorial, however in some areas clinical setting may have an important 

impact on implantation rates. Despite the availability of a great range of risk stratification tests, 

the selection of patients for ICD therapy remains a challenge, and there is significant need for 

better tools to guide ICD use. It is likely that future risk stratification models will combine 

multiple tests that provide complementary information regarding sudden and non-sudden death 

risk. Both serum/plasma biomarkers and the assessment of left ventricular scar by LGE-CMR 

may be valuable tools in such models. However, the incremental benefit of these tests in 

addition to currently available clinical risk prediction models remains unclear. My research 

indicates the need for prospective studies, powered to derive and validate risk stratification 

algorithms, incorporating biomarkers and LGE-CMR scar quantification, to predict potential to 

benefit from ICD therapy. 
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