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ABSTRACT 
Sudden cardiac death is a major public health burden and is often the first manifestation of heart 

disease. Several cardiac conditions that confer a predisposition to sudden cardiac death (SCD) 

have a known genetic basis, including for example long QT syndrome (LQTS) and hypertrophic 

cardiomyopathy (HCM), and clinicians strive to identify the patients at highest risk of SCD events. 

Incomplete penetrance and variable expressivity even amongst individuals with the same disease-

causing mutation indicates the presence of genetic modifiers, including single nucleotide 

polymorphisms (SNPs). The majority of SCDs occur in patients with acquired rather than inherited 

cardiovascular disease and the risk in this group may also be affected by modifier polymorphisms.  

 

The aim of the research contained within this thesis was to explore the role of genetic variants in the 

risk of SCD in both inherited and acquired cardiovascular disease. Four research studies were 

undertaken. Firstly an evaluation of the effectiveness of detecting LQTS in the community via a 

cardiac genetic registry, and then three studies investigating the role of SNPs in SCD in three 

separate cohorts incorporating the relevant clinical data: patients with LQTS, patients with HCM, 

and patients surviving an hospital admission for an acute coronary syndrome. 

 

The primary findings were: 1) the prevalence of LQTS detected in New Zealand by the Cardiac 

Inherited Diseases Group registry is 1.5 per 10,000, and is 2.2 per 10,000 in central Auckland. Thus 

far an average of 2.1 family members who are definitely or probably affected by LQTS have been 

identified per registered proband. 2) The minor alleles of SNPs at two loci (NOS1AP and KCNQ1) 

increased the risk of SCD and cardiac arrest in patients with LQTS, independently of the QTc 

interval. 3) In patients with HCM, marked QTc prolongation was associated with an increased risk of 

SCD events, and the minor alleles of SNPs at the NOS1AP locus influenced QTc length but were 

not directly associated with SCD events. 4) In patients surviving an admission for an acute coronary 

syndrome, the minor alleles of three SNPs from three loci (KCNJ2, C14orf64, and GPC5) were 

associated with SCD or cardiac arrest, and repolarisation time was associated with variation in the 

NOS1AP gene 12 months after the acute event but not at earlier time points.  

 

These studies indicate that the investigated SNPs can modify the risk of SCD directly, and may also 

influence risk through altering repolarisation time. Thus, these variants have utility in risk 

stratification to identify the individuals at highest risk of SCD, though the relevance of each modifier 

SNP may depend on the underlying cardiac condition and its manifestation. 
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THESIS OUTLINE  

This thesis explores the role of genetic variants in the risk of sudden cardiac death, with four 

separate research studies within this theme. The studies are preceded by a literature review and a 

description of selected methodologies. Each study is presented in a manuscript which has been 

either published or submitted for publication in a peer-reviewed journal. The detailed aims of each 

research study and the role of the candidate are described in the preface to each manuscript; the 

broad aims, how these were addressed, and the structure of the thesis are described below. 

 

Chapter 1 contains a comprehensive literature review providing background on sudden cardiac 

death relevant to this thesis. In particular the causes of sudden cardiac death from both inherited 

and acquired cardiovascular diseases are discussed, as well as the evolving role of genetics in 

disease causation and risk stratification. The specific methods and statistical analysis for each study 

are described in the methods section of the manuscripts. Chapter 2 contains an additional broad 

overview of the methods and study populations as well as extra detail that could not be incorporated 

into the published manuscript formats. 

 

The research studies completed during this candidature are presented in Chapters 3-6. For each 

chapter, material that was presented only as online supplementary data in the published version is 

displayed at the end of the manuscript.  

 

The research presented in Chapter 3 resulted from ongoing international debate around the optimal 

method for detecting long QT syndrome in the community and the value of ECG screening 

programs for infants. This study assesses the effectiveness of detecting long QT syndrome in the 

community via a cardiac genetic registry. This is achieved by evaluating the prevalence of long QT 

syndrome detected by the New Zealand Cardiac Inherited Diseases Group registry in the northern 

region of New Zealand, and is accompanied by a description of the patient cohort and a discussion 

of the operation of the registry and the related challenges. 

 

Chapters 4, 5, and 6 report three studies investigating the role of single nucleotide polymorphisms 

in sudden cardiac death in three separate clinical cohorts, each already at an increased risk of 

arrhythmias from the participants’ underlying cardiac conditions (long QT syndrome, hypertrophic 

cardiomyopathy, and acute coronary syndrome respectively). The existence of single nucleotide 

polymorphisms conferring an increased risk of arrhythmia is well established, but few have been 

tested outside the clinical setting in which they were first identified. Each study presented here 

comprises collection of the relevant clinical data (prospectively or retrospectively), genotyping of 

panels of candidate arrhythmogenic single nucleotide polymorphisms specific to each cohort, and 

multivariable modelling to assess of the importance of the selected polymorphisms in the risk of 

sudden cardiac death in the relevant clinical setting. 
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The research presented in Chapter 4 includes patients with long QT syndrome from the New 

Zealand Cardiac Inherited Diseases Registry. The study assesses the clinical relevance of 29 

candidate single nucleotide polymorphisms for risk stratification of sudden cardiac death in patients 

with long QT syndrome, and does this in the context of the clinical and genetic predictors of sudden 

cardiac death, resuscitated sudden cardiac death, and a prolonged QTc interval in this cohort.  

 

Chapter 5 contains a study applying a similar methodology to assess the risk of sudden cardiac 

death or a prolonged QTc conferred by 19 candidate single nucleotide polymorphisms in a cohort of 

patients with hypertrophic cardiomyopathy. This study also explores the repolarisation morphology 

on the ECGs of these patients and the effects of this on accurate QT interval measurement, as well 

as the role of QTc duration in sudden cardiac death events. 

 

The final study contained in Chapter 6 assesses 31 candidate arrhythmogenic single nucleotide 

polymorphisms for associations with sudden cardiac death events in patients with acquired 

cardiovascular disease. The study includes patients surviving an admission for an acute coronary 

syndrome, and the significance of each single nucleotide polymorphism is tested at several time 

points during the course of study follow-up. The association of each single nucleotide polymorphism 

with changes in repolarisation after an acute coronary syndrome is also examined. The main study 

in Chapter 6 is followed by additional unpublished exploratory analyses investigating the value of 

the measurement of QTc in predicting the risk of sudden cardiac death, comparing risk prediction 

using a single measure to prediction that incorporates repeated measurements of QTc. 

 

Chapter 7 briefly summarises the results of the four studies and discusses the wider context and 

clinical relevance of the findings, as well as making some specific future research 

recommendations. 
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Cardiovascular diseases are disorders of the heart and blood vessels, and are the leading global 

cause of death.1 Coronary artery disease and stroke account for nearly 80% of all cardiovascular 

death, with the remainder due to hypertension, peripheral vascular disease. congenital and 

rheumatic heart disease, the cardiomyopathies and cardiac arrhythmias.2 The first sign of a 

cardiovascular disease can be sudden cardiac death (SCD), which is defined as natural death from 

cardiac causes that occurs within one hour of the onset of an acute change in cardiovascular status. 

When death is unwitnessed, it is described as sudden when the person was known to be alive and 

well 24 hours prior.3 Sudden cardiac death mostly occurs in individuals without previously 

diagnosed heart disease who do not meet the criteria of being “high risk”, and so continues to be a 

major public health problem and have a significant impact on society.4 

 

Sudden cardiac death usually results from cardiac arrhythmias; these can occur as discrete events, 

or following another incident such as an acute myocardial infarction (MI). Ventricular fibrillation  

(uncoordinated contraction of the ventricles, VF), or ventricular tachycardia (a rapid heart rate 

originating from the ventricles, VT) deteriorating to VF are the causes of most cardiac arrests.3   

The progression from cardiac arrest to biological death depends on the underlying disease process 

and the mechanism of the arrest, as well as the length of time before resuscitation is attempted.  

Irreversible brain damage occurs four to six minutes after an arrest, and biological death follows 

quickly.3  

1.1 Epidemiology  

1.1.1 Incidence of sudden cardiac death 

The incidence of SCD worldwide is difficult to estimate, and it varies as a result of countries’ 

differing cardiovascular disease profiles and coronary artery disease prevalence. Several methods 

are employed to estimate incidence: retrospective examination of death certificates for cause of 

death, data collection from emergency services, or ideally, prospective studies using multiple 

sources of surveillance. Using retrospective analysis of death certificates alone can under- or 

overestimate the incidence.5,6  

 

A recent systematic review of the incidence of SCD in the United States found that the true 

incidence of SCD remains unclear, with the published incidence ranging from 53 per 100,000 to 160 

per 100,000 deaths per year.7  Only six studies were identified that have reported primary data, with 

two estimates extrapolated from community studies, one from an eight-site registry, and three from 

national level data.8-13 Integration of these data would difficult due to inconsistent definitions and 

methods, for example SCD is often used interchangeably with sudden cardiac arrest.  Despite this 

lack of clarity, the data from these six original publications have been widely cited.   

 

Several prospective community studies have attempted to estimate incidence more accurately. One 

such study in four regional populations in China (n = 678,718) found 42 deaths per 100,000 per 
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year and another in Western Ireland (n = 414,277) recorded 51 deaths per 100,000 per year.14,15 

The most recent estimate from the United States, based on extrapolation from a prospective study 

to evaluate SCD incidence, is 69 deaths per 100,000 per year, with SCD accounting for 40-50% of 

all “years of potential life lost” from heart disease.16 No recent published data on the incidence of 

SCD in New Zealand are available. 

 

Along with mortality from coronary artery disease, the incidence of SCD has declined in those with 

and without a previous history of heart disease, for example over 50 years in the Framingham Heart 

Study the risk of SCD declined 49%.17 This is consistent with other studies examining out-of-

hospital cardiac death,10 though as a proportion of total cardiovascular deaths SCD has increased, 

because in-hospital mortality has declined faster than out-of-hospital mortality.4,11,18 Less than five 

percent of patients experiencing an out-of-hospital cardiac arrest survive.12 Consequently SCD now 

accounts for more than half of all deaths from coronary artery disease.11 

1.1.2 Age distribution, sex differences and ethnicity 

Sudden cardiac death rates peak in infancy, and between 45 - 75 years of age. Although the 

incidence of SCD increases with age, the proportion of deaths that are sudden decreases.19 The 

disorders responsible for SCD in the young are distinctly different from those in the middle-aged to 

elderly. In young people (those aged 1 to 40), the main causes are the cardiomyopathies, 

arrhythmogenic disorders and drug abuse, whereas in adults coronary artery disease accounts for 

over 80% of SCD.20 

 

Women have a lower rate of SCD compared with men, though the difference decreases with 

increasing age and the recent decline in SCD rates has been less in women than men.11,21,22 

Reasons for the gender difference remain unclear. Although cardiovascular disease risk factors 

such as smoking, hypertension and diabetes predict SCD in both sexes, the incidence remains 

higher in men than women at any level of risk.21,23 

 

The variation in incidence of SCD between different ethnicities has not been well researched; this is 

compounded by the scarce SCD data available from most of the developing world. Separate studies 

in Chicago and Seattle found African-American men and women to have significantly higher rates of 

out-of-hospital cardiac arrest and subsequent mortality than Caucasians.24 An analysis of sudden 

arrhythmic death in San Francisco found the highest rates amongst African-American males and 

the lowest amongst Hispanic females, with African-Americans having a rate three-fold greater than 

Caucasians.22 African-American post-menopausal women are at 60% increased risk of SCD 

compared with Caucasian women of the same age.25 

 

Although ethnicity based data on SCD in New Zealand is not available, coronary artery disease 

prevalence is highest in Indian males of all ages, and in Maori females of all ages.26 Adjusting for 

area-based deprivation reduced but did not fully explain these differences between ethnic groups. 
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1.1.3 Circadian variation 

Several studies have reported daily, weekly, and seasonal variation in SCD.27-30  In the general 

population death rates appear to peak in the early mornings, on Mondays, and over the winter. 

Although these studies were based on retrospective analysis of death certificates or emergency 

records, the distribution of VT and VF arrhythmias has also been shown to peak in the winter 

months.31 Reasons for these patterns may include both exogenous triggers such as air temperature 

and pressure, daylight hours, stress, and activity in combination with physiological factors tied to the 

circadian clock - cortisol secretion, platelet aggregation, catecholamine secretion, heart rate, and 

blood pressure. 

 

Recently, cardiac repolarisation and ion-channel expression in mice has been shown to have an 

endogenous circadian rhythm due to transcriptional control of a potassium current subunit by the 

circadian clock gene Klf15.32 Alterations in Klf15 protein levels interfered with temporal variation and 

increased susceptibility to ventricular arrhythmias. Although repolarisation currents in mice differ to 

humans, this is the first instance where the cardiac rhythm has been directly linked to the biological 

clock. 

1.2 Cardiac conduction and electrophysiology 

An understanding of normal cardiac conduction and the ion channels and currents underlying this 

system is helpful when examining the causes of SCD. 

1.2.1 Structure of the cardiac conduction system 

Cardiac action potentials travel through both specialised conduction tissue and normal myocardium. 

Specialised tissue includes the sinoatrial node, atrioventricular node, the bundle of His, the left and 

right bundle branches and the Purkinje fibre network (Figure 1-1). 

 

The sino-atrial node is the pacemaker of the human heart, a pack of cells 10-20mm long and 2-

3mm wide situated at the junction of the right atrium and the superior vena cava (Figure 1-1). A 

range of cell types can be found in the area but the spindle- and spider-shaped cells are those that 

act as the spontaneously firing “pacemaker” cells. Specialised proteins form gap junction channels 

connecting the sino-atrial node with surrounding atrial muscle and allowing impulse transmission. 

The node is heavily innervated, and neurotransmitters affect the discharge rate (and therefore the 

heart rate) through beta-adrenergic and muscarinic receptors.  
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Figure 1-1 The conduction system of the heart. 

Reproduced from http://www.nottingham.ac.uk/nursing/practice/resources/cardiology/function/conduction.php 

 

A wave of depolarisation then spreads through the atria to the atrioventricular junction, consisting of 

the atrioventricular node and the bundle of His. Conduction slows through this area as the impulse 

is transmitted to the ventricles, allowing them to fill with blood from the atria before contraction. The 

impulse then spreads down the left and right bundle branches of specialised conduction tissue to 

the Purkinje fibres at the apex of the heart which form networks across the ventricles, resulting in 

contraction. Cells in the atrioventricular node and Purkinje fibres are secondary pacemakers; they 

can also show automaticity when impulses from the sino-atrial node are not reaching the 

ventricles.33 The atrioventricular node and His bundle are also innervated by cholinergic and 

adrenergic nerve fibres and these are able to modify conduction time through the area.34 

1.2.2 The electrocardiogram 

The electrocardiogram (ECG) measures the electrical activity of the heart through electrodes placed 

at specific locations on the skin. These detect the electric field generated by the ion currents 

involved in cardiac conduction. As the waves of depolarisation and repolarisation move through the 

heart, characteristic patterns are created – a wave of depolarisation moving predominantly towards 

an electrode is represented by an upward stroke on the ECG, and away from the electrode a 

downward stroke.  

 

The standard ECG has 12 leads, comprised from nine electrodes. The limb leads are I, II and III 

(which are bipolar), and the potential difference between two leads is measured. The leads aVR, 

aVL and aVF, and the precordial leads V1-V6 are unipolar, with the expression of voltage being 

possible by having a composite negative electrode (the Wilson Central Terminal). A normal ECG 
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pattern for one cardiac cycle consists of the P wave (atrial depolarisation), the PR interval 

(atrioventricular conduction), the QRS complex (depolarisation of the ventricles), the ST segment 

and the T wave (ventricular repolarisation) (Figure 1-2). Intervals are measured in milliseconds 

(ms); the R-R interval is the time between two adjacent R waves, and the QT interval is measured 

from the beginning of the QRS complex until the end of the T wave.35 

 

Figure 1-2 A normal electrocardiogram tracing of one cardiac cycle 
 

1.2.3 Ion channels and cardiac conduction 

The movement of charged ions across the cell membrane through ion channels forms the basis of 

the cardiac action potential. Non-pacemaker cells (atrial and ventricular myocytes) have a negative 

resting membrane potential of around -90millivolts compared to the extracellular fluid.  

 

 

Figure 1-3 A cardiac action potential (A) above a surface ECG trace (B) showing the five 
phases of cardiac depolarisation and repolarisation. 
 

The cardiac action potential has five phases (Figure 1-3). Once stimulated by an adjacent cell, 

depolarisation occurs at phase 0 through a rapid transient influx of Na+ (current = INa) through fast 
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Na+ channels. This is terminated at phase 1 when the Na+ channels are inactivated and there is a 

transient efflux of K+ (It0). Phase 2 plateaus due to the balance between the influx of Ca2+ (ICa) 

through L-type calcium channels and outward movement of K+ (IKs) through the slow delayed 

rectifier K+ channels. Phase 3 results from the closing of the Ca2+ channels and the efflux of K+ 

(through IKs and the rapidly activating delayed rectifier potassium current IKr). Phase 4 is the resting 

membrane potential and is maintained by the inward rectifier K+ current IK1. During phases 0-2 and 

part of phase 3 a new action potential cannot be initiated, preventing compounded action potentials 

and therefore a very high heart rate. This is known as the effective refractory period and occurs 

because the fast sodium channels involved in depolarisation are not fully reactivated.  

1.3 Pathophysiology of sudden cardiac death 

For a fatal arrhythmia to occur, there must be an underlying structural or electrophysiological 

abnormality (such as ischaemic heart disease or an inherited arrhythmia syndrome), plus a 

transient trigger for the arrest.3,4  A cardiac arrest can be tachyarrhythmic such as VF or sustained 

VT, or bradyarrhythmic-asystolic – though will most likely begin as VT or VF and after some time 

will degenerate to asystole or pulseless electrical activity (organised electrical activity of the heart 

without effective mechanical function).3  

 

The formation of an arrhythmia can be due to either abnormal action potential formation, or 

abnormal action potential propagation.36 Abnormal action potential formation is usually due to early 

after-depolarisations or delayed after-depolarisations (Figure 1-4). An early after-depolarisation 

occurs during repolarisation when there is prolongation of the action potential. The prolonged action 

potential results in the L-type calcium channels recovering from inactivation while the membrane is 

still depolarised, resulting in inward ICa and the after-depolarisation. These appear on the ECG as 

pathological tall U waves. Delayed after-depolarisations occur after full repolarisation, in situations 

with increased intracellular calcium. 

  

 
Figure 1-4 Cardiac action potentials with an early after-depolarisation (top) and delayed 
after-depolarisation. Dotted lines indicate the possible extra action potential that could be 
generated.  
Figure reproduced with permission from Martin, C.A et al. Heart 2012; 95:536-54336 
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Abnormal propagation, or a re-entrant arrhythmia, occurs when the depolarisation wave is not 

extinguished as it should be, thus reactivating regions of the myocardium. Re-entrant arrhythmias 

require an obstacle for the impulse to circulate around (such as scar tissue), a slow enough 

conduction speed that the myocardium can regain excitability, and a unidirectional conduction 

block.36 Ischaemia affects the duration and amplitude of action potentials, and when ischaemic 

myocardium is next to normal tissue the electrophysiological heterogeneity can be a substrate for 

re-entry arrhythmias.3 

 

Bradyarrhythmias and asystolic arrest are more likely to occur in severely diseased hearts, when 

automatic cell activity in the His-Purkinje system fails to act as the heart’s backup pacemaker. 

Increased extracellular potassium concentration (caused by renal failure, hypothermia, or acidosis 

for example) can cause this loss of automaticity by causing partial depolarisation of the pacemaker 

cells.3  

1.4 Inherited causes of sudden cardiac death 

Both acquired and inherited disease can cause cardiac arrest, the precursor to SCD. Although 

approximately 80% of SCD occurs in the setting of coronary artery disease, inherited diseases 

(particularly the cardiac channelopathies) are more common in younger victims of SCD.37  

 

The existence and genetic basis of inherited arrhythmogenic disorders, beyond known family 

histories of disease and sudden death, was proven when the first gene mutations to cause long QT 

syndrome (LQTS) were identified in 1995.38,39 Long QT syndrome has served as a paradigm for 

other inherited diseases, and the ongoing identification of the different genetic causes has aided the 

wider understanding of cardiac electrophysiology. 

 

Long QT syndrome and hypertrophic cardiomyopathy (HCM) are important components of this 

thesis and are therefore covered in detail; other inherited causes of SCD are briefly discussed.  

1.4.1 Long QT syndrome 

Hereditary LQTS is an important cause of SCD in children and adolescents without structural heart 

disease. It is characterised by prolonged ventricular repolarisation and susceptibility to life-

threatening arrhythmias, particularly in association with physical or emotional stress.40  

 

The first and rarer form described by Jervell and Lange-Nielsen in 1957 is an autosomal recessive 

disease where the cardiac features are associated with neurosensory deafness.41 The more 

common form of LQTS is an autosomal dominant trait (Romano Ward syndrome42) which to date 

has been associated with mutations in 13 genes (LQT1-LQT13), mostly coding for subunits of 

cardiac potassium or sodium ion channels.43  
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Epidemiology and clinical features of LQTS 

The prevalence of LQTS is estimated to be 1 in 2,500 according to a large ECG screening study of 

45,000 infants in Italy.44 Diagnosis has traditionally been clinically-based, predominantly from a 12-

lead ECG. Typical ECG features of LQTS include QT prolongation, unusual T wave morphology 

and if arrhythmias are captured, a characteristic polymorphic VT known as “torsades de pointes” 

where the amplitude of the QRS complex changes and “twists” around the isoelectric line (Figure 

1-5).45  

 

 
Figure 1-5 The onset of torsades de pointes in a patient with LQTS.  
Figure reproduced with permission from Chiang and Roden, J Am Coll Cardiol 2000;36:1-1246 

 

The QT interval shortens with increasing heart rate, so to aid ECG interpretation the QT interval is 

“corrected” using a formula, most often Bazett’s formula: QTc = QT/√RR interval (in seconds). In the 

original diagnostic criteria for LQTS published in 1985, a QTc interval greater than 440ms was 

described as “prolonged”.47 Subsequent recognition that women can have longer QT intervals than 

men lead to sex-specific upper normal limit suggestions of 450ms for men and 460ms for women.45 

Other diagnostic criteria include a family history of LQTS or sudden unexplained death, torsades de 

pointes or notched T waves on an ECG, and a history of syncope, particularly in response to 

stress.45 If the QTc interval length is borderline, exercise (treadmill or cycle) stress tests are used to 

aid in diagnosis and risk stratification, with the resultant ECGs showing genotype-specific 

repolarisation patterns.48 

 

As the genetic basis of LQTS has been revealed, genetic testing has become part of routine clinical 

practice in many parts of the world (including New Zealand), with results increasingly guiding 

diagnosis, risk prediction and treatment.49 Mutations are identified in around 75% of tested 

probands, and cascade screening along with clinical evaluation can then identify other family 

members at risk.50 An uninformative genetic test provides no basis for changing a clinical diagnosis. 

 

The clinical severity of LQTS varies widely, even amongst patients with identical mutations. Affected 

patients can have a severely prolonged QTc interval with recurrent syncope or cardiac arrest while 

others have subclinical disease with a normal QTc interval and no arrhythmias. Those who are 
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genotype positive for LQTS have a wide distribution of QTc, with approximately 25% of affected 

individuals having a QTc within the normal range.51  

 

A diagnosis of LQTS can be made even during the foetal or neonatal period. Complex arrhythmias 

including second degree atrioventricular block and torsades de pointes have been observed in the 

foetus during pregnancy, and predictors of LQTS based on foetal heart rates have been identified.52 

Foetal heart rates for those with LQTS are generally lower than normal foetuses, and those with the 

lowest rates are more likely to have an arrhythmia after birth, particularly if gestational age is taken 

into account during measurement.52 

Genetic basis of LQTS 

Thirteen genes have been linked to LQTS, though mutations in KCNQ1, KCNH2, and SCN5A 

account for over 90% of genotyped patients (Table 1-1).40  Repolarisation is prolonged by loss of 

function mutations in the KCNQ1 gene affecting the slow acting potassium current IKs in LQT1, and 

in the KCNH2 gene affecting the rapidly acting potassium current IKr in LQT2 (Figure 1-6). These 

genes both encode the α-subunit of the relevant channel; mutations can also occur in the genes for 

the corresponding respective β-subunits KCNE1 (LQT5) and KCNE2 (LQT6), though these are not 

common. Gain of function mutations in the sodium channel gene SCN5A (LQT3, INa) cause 

reopening of the channels and an ongoing “leaky” inward sodium current, resulting in prolonged 

repolarisation. 

 

 

 
 

 
Figure 1-6 Normal and LQTS-affected cardiac action potentials and corresponding ECG 
tracings.  A: normal repolarisation. B: Prolonged repolarisation due to persistent sodium 
flow into the cell (LQT3), or reduced potassium flow out of the cell (LQT1, LQT2).  
Figure reproduced with permission from Abrams D.J., and MacRae C.A. Circulation 2014;129:1524-152953 
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Table 1-1 Genes involved in long QT syndrome 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
IKs= repolarising outward slow rectifying potassium current, IKr = repolarising outward rapid rectifying potassium current, INa = depolarising inward sodium current (fast),  
INCX = sodium/calcium exchanger current, IK1 = Kir2.1 inward rectifying current, ICa,L =depolarising inward calcium current (slow), IKAch = acetylcholine-sensitive potassium current

LQTS  
Subtype Gene Protein Ion channel  

affected Effect of mutation Reference (first described) 

LQT1 KCNQ1 Kv7.1α IKs Loss of function Wang et al. 199654 

LQT2 KCNH2 (HERG) Kv11.1α IKr Loss of function Curran et al. 199539 

LQT3 SCN5A Nav1.5α INa Gain of function Wang et al. 199538 

LQT4 ANKB Ankyrin-B INa IKr INCX Loss of function Mohler et al. 200355 

LQT5 KCNE1 minKß IKs Loss of function Splawski et al. 199756 

LQT6 KCNE2 MiRP1ß IKr Loss of function Abbott et al. 199957 

LQT7 KCNJ2 Kir2.1α IK1 Loss of function Plaster et al. 200158 

LQT8 CACNA1C Cav1.2α1c ICa,L Gain of function Splawski et al. 200559 

LQT9 CAV3 Caveolin-3 INa Secondary gain-of-function to Nav1.5 Vatta et al. 200660 

LQT10 SCN4B Nav1.5ß4 INa Secondary gain-of-function to Nav1.5 Medeiros-Domingo et al. 200761 

LQT11 AKAP9 Yotiao, A-kinase-
anchoring protein IKs Loss of function Chen et al. 200762 

LQT12 SNTA1 Alpha1-syntrophin INa Gain of function Ueda et al. 200863 

LQT13 KCNJ5 Kir3.4 subunit of  
IKAch channel IKAch Loss of function Yang et al. 201064 
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The other forms of LQTS are either complex clinical disorders where prolongation of the QT interval 

is a secondary part of the disease (LQT4, LQT7), or rare diseases that have only been identified in 

either single individuals or a few families worldwide (LQT8 - LQT13).65  

Brief descriptions of these forms follow below. 

 LQT4, gene  = ANK2 | LQT4 results from the loss of function of the ankyrin B protein 

involved in membrane protein localisation, leading to an increase in intracellular Na+.55 QT 

prolongation is usually found only in those with the most severe mutations - the most 

common effects are sinus node dysfunction and atrial fibrillation.66 
 

 LQT7 (Anderson-Tawil syndrome), gene = KCNJ2 | LQT7 is characterised by QT 

prolongation and large U waves, dysmorphic facial features, and periodic paralysis.58  
 

 LQT8 (Timothy syndrome), gene = CACNA1C | LQT8 is a complex phenotype resulting 

from an increased calcium current.59 As well as a prolonged QT interval patients can have 

syndactyly, structural congenital heart disease, immune deficiency, intermittent 

hypoglycaemia, cognitive abnormalities, and autism.  
 

 LQT9, gene = CAV3 | CAV3 encodes caveolin-3, a protein that coats the caveolae (folds in 

the cell plasma membrane) with a role in signalling and interaction with the sodium channel 

Nav1.5.60 
 

 LQT10, gene =  SCN4B  | This sodium channel mutation has only been described in a 

single family.61  
 

 LQT11, gene = AKAP9 | The affected protein is involved in the response of the potassium 

current IKs to ß-adrenergic stimulation.62  
 

 LQT12, gene = SNTA1 | Mutations in this gene encoding α1-syntrophin can increase 

peak/late sodium current.63 
 

  LQT13, gene = KCNJ5 | Recently identified in a large Chinese family, KCNJ5 encodes the 

Kir3.4 subunit of the IKAch current.64 

 

Genotype-phenotype studies have helped to define genotype-specific clinical features of LQT1-

LQT3, which are used for both diagnosis and risk stratification. Genotype-specific ECG patterns 

have emerged, where LQT1 patients have broad T waves, LQT2 patients have notched or low-

amplitude T waves, and LQT3 patients have long flat ST segments (Figure 1-7). 
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Figure 1-7 Examples of typical ECG tracings for long QT syndrome types 1-3 (a-c), Brugada 
syndrome type 1 pattern (d) and catecholaminergic polymorphic tachycardia (e).  

Figure reproduced with permission from Wilde A.M. and Behr E.R Nat Rev Cardiol 2013;1:571-58367 

 

 

The prevalence of multiple LQTS-causing mutations is estimated at 8-11% of unrelated patients 

with LQTS.68-70 In one large cohort, patients with multiple mutations in a single LQTS gene had a 

3.2-fold increased risk of a life threatening cardiac event compared to those with a single 

mutation.71 Interestingly, the risk for those with multiple mutations in more than one LQTS gene was 

not significantly different to those with a single mutation. 

 

Triggers for syncope or cardiac arrest in patients with LQTS differ between genotypes.72-74 In 

patients with LQT1, these events are often triggered through sympathetic activation resulting from 

exercise (swimming in particular) or emotion. Males have a higher proportion of exercise-triggered 

events than females, for whom rest/sleep or arousal-triggered events are more likely.74 Emotional 

stress or sudden arousal (from auditory stimuli such as alarm clocks for example75) are the most 

common triggers in patients with LQT2, with similar rates of arousal-triggered events between the 

sexes in childhood but a higher risk of these events in women after adolescence.76 Patients with 

LQT3 are most likely to have a cardiac arrest during rest or sleep.72,73 

 

Wedges of arterially perfused canine left ventricles, expression systems in mammalian cells, and 

other disease models have been used to explore how the activation of the sympathetic nervous 
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system affects arrhythmia formation through beta-adrenergic receptors. Beta-adrenergic stimulation 

causes an increase in net outward repolarising current in cardiac myocytes by augmenting a 

number of currents, including IKs. The stimulation activates protein kinase A, which increases IKs 

current by phosphorylating the KCNQ1 alpha subunit and leads to shortening of the QT interval 

under normal conditions.77 Cell expression studies have shown that mutations in IKs (as found in 

LQT1) reduce this current; this is particularly noticeable during protein kinase A stimulation of the 

cell, where the response is blunted and the expected increase in IKs current does not occur 

(meaning the QT interval is no longer shortened by sympathetic activation).78 

 

In models of LQT2, the effects of beta-adrenergic agonists suggest that torsades de pointes is 

provoked by a large but transient increase in the dispersion of repolarisation, leading to early after-

depolarisations and extra beats.79 This aligns with scenarios where cardiac events in LQT2 patients 

occur following sudden arousal, particularly from sleep. Models of LQT3 have shown a protective 

effect of beta-adrenergic stimulation, finding a decrease in repolarisation dispersal.79 

 

Patient-specific mutations can now be modelled in cardiomyocytes derived from a patient's induced 

pluripotent stem cells. This has been achieved with cells from patients with LQT1, LQT2, LQT3, and 

LQT8.80-83 The cells can be used for disease modelling as well as gene-drug interactions and drug 

discovery, providing enhanced sensitivity and a more realistic interplay between the different ion 

channels than conventional in vitro assays. 

Genetic modifiers of LQTS 

The penetrance of LQTS is extremely variable even within families, where it has been shown to 

range from 25-100%.84,85 Variation is influenced by age, gender, environmental factors, genotype, 

and also modifier genes and polymorphisms.86 Both synonymous single nucleotide polymorphisms 

(SNPs) and those causing a change in amino acid can affect the severity of LQTS phenotype. 

Disease severity in LQTS patients has been shown to be affected by several SNPs (Table 1-2), 

many with supporting in vitro cell expression studies. Some of these SNPs also modify QT length in 

the general population; many of these have been identified during genome-wide association studies 

(GWAS) (see section 1.6.2). 

 

In patients with LQT1, three modifier SNPs were recently identified in the 3’ untranslated region 

(UTR) of the KCNQ1 gene (rs2519184, rs8234, and rs10798) (Table 1-2).87 The 3’UTR region of a 

gene can contain binding sites for small non-coding micro-RNAs that inhibit translation of the mRNA 

into protein. These three SNPs represent part of such a binding site, and affect the relative 

expression of the normal versus the LQT1-mutation-containing allele. The SNPs were associated 

with QTc length and with LQTS symptoms; this was allele specific, so if the minor alleles were in 

trans with the LQTS mutation (on the opposite DNA strand), QTc was longer with more occurrence 

of symptoms, and the opposite occurred if the SNPs were in cis with the mutation (on the same 

strand). The derived SNP variants suppress the expression of the allele on which they reside, so if 
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they are in cis with the mutation, less mutant protein will be expressed relative to the normal protein 

expressed from the wild-type KCNQ1 allele.  

 

The SNP rs1805125 (K897T) in the KCNH2 gene was one of the first modifier SNPs identified in 

patients with LQTS.88 The minor allele of this polymorphism has been shown to have effects in 

opposing directions in various studies (including those in the general population), but is now 

generally accepted to shorten QTc.89 The exact effect of the polymorphism on the potassium 

channel remains unresolved; this could be due to difficulties in detecting small effect sizes, or the 

use of different cellular expression systems and protocols. 

 

The NOS1AP gene was first identified during GWAS studies of the QT interval in healthy subjects, 

and several SNPs in this gene have since been associated with QTc length and cardiac events in 

patients with LQTS (Table 1-2).90,91 See section 1.6.1 for further information on the NOS1AP gene.
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Table 1-2 SNPs that may modify disease severity in patients with LQTS 

 
LQT1 = long QT type 1; LQTS = long QT syndrome; SNP = single nucleotide polymorphism; UTR = untranslated 
region; QTc = corrected QT interval  

Nearest gene SNP 
identifier 

Amino acid 
substitution Published associations 

ADRB1 
Adrenoceptor Beta 1 

rs1801253 
rs1801252 

G389R 
S49G 

Patients with LQT1 who are 
homozygous for both alleles 
experience more syncope and 
torsades de pointes.92 

ADRA2C 
Adrenoceptor alpha 2C 

rs61767072 Del322-325 
Affects baroreflex sensitivity and 
autonomic responses in patients with 
LQTS; may affect disease severity.93 

KCNH2 
Potassium voltage-gated 
channel, subfamily H 
(eag-related), member 2 

rs1805123 K897T 

Controversial effects: Both increases 
and decreases in disease severity 
found when risk allele of SNP is 
present with a KCNH2 mutation.88,94,95 

KCNE1 
Potassium voltage-gated 
channel, Isk-related 
family, member 1 

rs1805128 D85N 

QT interval prolongation by 26ms per 
risk allele. Associated with drug-
induced torsades de pointes. 
Inconsistent findings in in vitro studies. 
Possibly a disease-causing variant.96-98 

KCNQ1 
Potassium voltage-gated 
channel, KQT-like 
subfamily, member 1 

rs2519184 
rs8234 
rs10798 

 
 

rs2074238 

- 
- 
- 
 
 
- 

SNPs reside in the 3’UTR region of 
gene and are associated in an allele-
specific manner with QTc and 
symptom occurrence –SNPs alter the 
expression of the allele on which they 
reside.87 

Minor allele protective: shorter QTc 
interval and deceased risk of 
symptoms.99 

 

rs16847548 - 

 
QTc prolongation of 8ms per risk 
allele, increase in cardiac events.90,91 

NOS1AP 
Nitric oxide synthase 1 
adaptor 

rs4657139 
 
- QTc prolongation of 7ms per risk 

allele, increase in cardiac events.90,91 

 rs10494366 - Increase in cardiac events: 
independent prognostic marker of 
events in those with QTc<500ms.90 
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Risk stratification in LQTS 

Clinical characteristics such as the degree of QTc prolongation have consistently been shown to 

identify the patients at highest risk. Data from the International LQTS Registry have demonstrated 

that a QTc interval >500ms and prior syncope are the major risk factors for arrhythmic syncope, 

cardiac arrest or SCD (described hereafter as cardiac events) in childhood and adolescence.100,101 

QTc is only predictive of a first event, whereas subsequent events are better predicted by the 

occurrence of the prior syncope with a six-fold increase in the risk of cardiac arrest or SCD after one 

or two syncopal events.102 In adults (aged 18-40) QTc interval, female gender, LQT2 genotype, and 

the frequency of cardiac events in childhood are predictors of disease severity.103,104 

 

Males are at a higher risk of these arrhythmic events before adolescence, whereas females are at a 

higher risk during adolescence and into adulthood, including an increased risk in the post-partum 

period.101,105-108  These gender and age effects differ depending on genotype. For example, males 

with LQT1 have a significantly higher risk of events than females during childhood, whereas no 

significant gender differences have been found in patients with LQT2 or LQT3.107 After puberty, 

females with LQT2 show the highest rate of arrhythmic events compared to all other groups, 

thought to be due partly to the inhibitory effect of oestrogen on IKr current.102  

 

Arrhythmia risk is also affected by the autonomic nervous system; patients with LQT1 with relatively 

lower baroreflex sensitivity, indicating a “blunted” autonomic response, have a decreased risk of life-

threatening cardiac events.93 In those with higher baroreflex sensitivity, in whom heart rate changes 

would occur rapidly, the reduced IKs current from the mutant channels reduces the ability of the QT 

interval to shorten during tachycardia. Measurement of baroreflex sensitivity however is difficult; 

instead the changes in heart rate in the first minute after an exercise stress test can be used to 

indicate vagal reflexes, where an greater decrease in heart rate equals a greater risk of arrhythmic 

events.109 

 

For mutation carriers with a normal QTc (up to 25% of cases), the gene in which the mutation is 

found is a significant predictor of cardiac arrest or SCD.51 In this sub-group, LQT1 patients had a 

10-fold and LQT3 an 8-fold increase in the risk of events compared with those with LQT2 mutations 

– the reverse to patients with a prolonged QTc. For mutation carriers with a normal resting QTc, the 

risk of cardiac arrest or SCD is low (four percent from birth to 40 years), though this is still ten times 

greater than the risk for unaffected family members.51  Cardiac events in mutation carriers with a 

normal QTc occur mostly after the age of ten, later than those with a prolonged QTc.51 

 

The location of pathogenic mutations within a protein can also refine risk stratification for SCD. The 

KCNQ1-encoded protein KvLQT1 has 676 amino acids with an intracellular C-terminus region, 6 

membrane-spanning segments with two cytoplasmic connecting loops (C-loops), and an 

intracellular N-terminus region (Figure 1-8).110 Four of these α-subunits are required to form a 

functional IKs channel, along with MinK β-subunits encoded by the gene KCNE1.  
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Figure 1-8 The KCNQ1-encoded protein KvLQT1 with KCNE1-encoded MinK 

 

Mutations within the transmembrane region, particularly the C-loops, have been associated with a 

greater risk of cardiac events, though this was later shown to be only the case in women.74,111-113 C-

loop mutations also show an association with exercise or arousal-triggered events but not with 

events during rest or sleep, and beta-blocker therapy has a clear benefit for patients with these 

mutations compared with other missense mutations. These effects are likely due to interference in 

the role of protein kinase A in regulating KvLQT1 subunits when C-loop mutations are present 

(leading to decreased activation of IKs and prolonged repolarisation).112 The S2-S3 and S4-S5 C-

loops also likely play a role in the interaction of KvLQT1 with MinK subunits to form IKs channels.114 

 

For LQT2 risk stratification, mutation location within the KCNH2 gene also affects the risk of 

arrhythmias. KCNH2 encodes for the Kv11.1 α-subunit which forms a tetramer along with KCNE2-

encoded β-subunits MirP1 to create the rapid delayed rectifying IKr current potassium channel. Each 

α-subunit has 1159 amino acids with six transmembrane segments (S1 to S6) with the pore region 

(p-loop) found between S5 and S6 (Figure 1-9). 

 

Mutations in the p-loop are more likely to have dominant negative effects on channel function 

(>50% reduction in channel function as defective channels are formed with wild-type subunits) 

compared with mutations in other regions where the mutant subunits either do not assemble with 

wild-type subunits, or these complexes are not transported to the cell membrane. These mutations 

instead result in haplotype insufficiency, a 50% reduction in the number of functional channels.115 
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Figure 1-9 The KCNH2-encoded Kv11.1 protein with the KCNE2-encoded MiRP1 

 

P-loop mutations are also associated with an increased risk of cardiac events compared with 

mutations in other locations, particularly in patients with a longer QTc interval.116,117 Subsequent 

analysis has found that this only applies to males, with a greater than two-fold increase in the risk of 

aborted cardiac arrest or SCD, but no significant difference in females (though females have a 

consistently high rate of events throughout their lifetimes).118  For the C-terminus region of Kv11.1, 

patients with missense mutations (a point mutation resulting in a single amino acid change) are at 

less risk of events than patients with other mutation types (nonsense, frameshift, splice site or 

deletions).117 

Electrocardiographic screening for LQTS 

Although prevention of sudden death in the young is recognised as an important goal in public 

health, ECG screening for LQTS and other causes of SCD in the young is controversial and has not 

been widely adopted.  

 

Several ECG screening programs have now been reported on, the largest being in Italy where 17 

infants were diagnosed with LQTS from a screened population of 44,596.44 In Japan, 4,285 infants 

were screened at one-month check-ups, with five from this group having a QTc ≥470ms (the 

selected criterion for further evaluation), and four being subsequently diagnosed with LQTS.119 

 

The cost-effectiveness and practicalities of such programs have been questioned, with the outcome 

of cost benefit-analyses on ECG screening for LQTS and other diseases such as HCM differing 

widely.120,121  
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Treatment and management of LQTS 

Management of patients with LQTS is increasingly being guided by genotype, if a mutation has 

been identified. Lifestyle modification, avoidance of QT-prolonging drugs, administration of beta-

blockers, left sympathetic denervation and insertion of implantable cardioverter defibrillators (ICDs) 

form the backbone of LQTS patient management.53  

 

Beta-blockers are the established front line therapy for LQTS, and in adults are most effective in 

those with a QTc ≥500ms, with LQT1 or LQT2 (compared with LQT3), and in patients with syncope 

or cardiac arrest during childhood and adolescence.104 In patients with LQT1, beta-blocker 

effectiveness can be trigger-specific: in 221 patients with LQT1 who experienced syncope or 

cardiac arrest, beta-blocker therapy was associated with a 78% decrease in exercise-triggered 

events but non-significant reductions in arousal or rest/sleep triggered events. Similar results have 

been found in patients with LQT2, with a 71% reduction in exercise-induced events only.76 

 

Patients who are on beta-blocker therapy and still experience syncope or cardiac arrest are at a 

high risk of fatal events and should be considered for ICD implantation.122 The use of ICDs for 

primary prevention of SCD in high risk patients with LQTS was recently questioned in one study 

when the incidence rate for serious harm (inappropriate shocks or complications) was found to be 

higher than the incidence rate for appropriate shocks.123  

 

Left cardiac sympathetic denervation involves removing the lower half of the left stellate ganglion, 

together with thoracic ganglia T2 to T4, resulting in reduced release of norepinephrine at the 

ventricle.124 The largest study of this intervention in a group of 147 high-risk patients showed a 91% 

drop in mean yearly cardiac events, though it is not completely effective.125 In the subset of patients 

who had been genotyped, the surgery was most effective in patients with LQT1 and LQT3.  

 

Recommendations have varied for people with LQTS with regard to sport and competition. In the 

United States, recommendations for participation in competitive sports for patients are based on the 

36th Bethesda Conference guidelines.126 Patients with prior syncope/cardiac arrest, an ICD, or a 

QTc ≥470ms in males and ≥480ms in females are advised not to compete in most sports, and all 

LQT1 patients should avoid competitive swimming regardless of symptoms. However, in a recent 

review of 60 patients with LQTS who continued to play competitive sport against the Bethesda 

guideline recommendations, only one athlete experienced an event during sport (VF-terminating 

ICD shocks). Recommendations from the European Society of Cardiology are more restrictive, 

suggesting patients with a QTc >440ms in males and >460ms in females should avoid all 

competitive sports.127 
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1.4.2 Brugada syndrome  

The Brugada syndrome is a distinct cause of polymorphic VT and VF, and is characterised by ST 

segment elevation in the right precordial leads (V1-V3) of the 12-lead ECG, right bundle branch 

block, and a high risk of SCD in patients with structurally normal hearts.128,129 Sudden death usually 

occurs at rest and at night, and can be induced by fever, after a meal, and by sodium channel 

blocking agents.130-133 The mean age of sudden death due to Brugada syndrome is 41 years, and it 

is estimated to cause four percent of all sudden deaths and 20% of sudden deaths in patients with 

structurally normal hearts.129  

 

Estimating the prevalence is difficult because the ECG pattern can be sporadic or concealed. Some 

estimates suggest five cases per 10,000 people (0.05%), though one recent study of 1,348 ECGs at 

a hospital in Southern California found a prevalence of 0.14% amongst adult Caucasians and 

Hispanics.134 Historically in South East Asia, patterns of SCD during the night were observed in 

young males and given the names bangungut in the Philippines, pokkuri in Japan and lai-tai in 

Laos. Subsequent clinical and genetic investigation of these cases suggests many of these are due 

to Brugada syndrome.135,136 Despite equal genetic transmission of the disease, the prevalence of 

the clinical phenotype in males is 8 to 10 times that of females. The mechanism for this difference is 

still unknown but may be due to males having a more prominent Ito current in the right ventricular 

epicardium.137 

 

There are three recognised Brugada-type repolarisation patterns in leads V1-V3, and type 1 has 

coved ST-segment elevation ≥0.2mV followed by a negative T wave (Figure 1-7). Brugada 

syndrome is diagnosed when this is seen in two or more right precordial leads in conjunction with 

one of: documented polymorphic VT or VF, a family history of sudden death at <45 years of age, 

syncope, nocturnal agonal respiration, coved-type ECGs in family members, or inducible VT with 

programmed electrical stimulation.129 Type 2 and type 3 ECG patterns have a saddleback 

appearance and are not diagnostic of Brugada syndrome unless a type 1 pattern is produced by the 

use of sodium channel blockers (ajmaline, flecainide, procainamide and mexiletine are widely used 

to unmask the syndrome).132 Arrhythmias in Brugada syndrome are thought to originate in the right 

ventricular outflow tract, due to either a transmural action potential gradient between the 

endocardium and epicardium, or to conduction delay in the right ventricular outflow tract due to 

electrophysiological (and possibly structural) changes.138  

 

Brugada syndrome has been linked to 16 different genes and is usually inherited as an autosomal 

dominant trait with incomplete penetrance (Table 1-3).139 Around 20% probands undergoing genetic 

screening have mutations identified in the SCN5A gene,140 where a loss-of-function of the α-subunit 

of the Nav1.5 channel impairs the upstroke in phase 0 of the cardiac action potential and 

predisposes the patient to an arrhythmia. This is in contrast to gain-of-function SCN5A mutations in 

LQT3. Mutations in the L-type calcium ion channel were found in a further 12% of Brugada 

syndrome cases in one analysis.141  
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Table 1-3 Genes associated with Brugada syndrome (BrS) 

Brugada 
type Gene Protein 

Ion 
channel 
affected 

Reference 
(first described) 

BrS1 SCN5A, Sodium channel, voltage-gated, 
type V, alpha subunit Nav1.5 INa 

Chen et al. 
1998142 

BrS2 GDP1L, Glycerol-3-phosphate 
dehydrogenase 1-like G3PD1L 

Interacts 
with α 

subunit 
of INa 

Weiss et al. 
2002143 

BrS3 CACNA1C, Calcium channel, voltage-
dependent, L type, alpha 1C subunit Cav1.2 ICa 

Antzelevitch 
2007144 

BrS4 CACNB2B, Calcium channel, voltage-
dependent, beta 2b Cavß2 ICa 

Antzelevitch 
2007144 

BrS5 SCN1B, Sodium channel, voltage-gated, 
type I, beta subunit Navß INa 

Watanabe 
2008144 

BrS6 KCNE3, Potassium voltage-gated 
channel, Isk-related family, member 3 MiRP2 IKs, Ito Delpon 2008145 

BrS7 SCN3B, Sodium channel, voltage-gated, 
type III, beta subunit Navß3 INa Hu et al. 2009146 

BrS8 
HCN4, Hyperpolarization activated 
cyclic nucleotide-gated potassium 
channel 4 

HCN4 If 
Ueda et al. 
2009147 

BrS9 KCNJ8,  potassium inwardly-rectifying 
channel, subfamily j, member 8 Kir6.1 IKATP 

Barajas-Martinez 
et al. 2012148 

BrS10 CACNA2D1,  Calcium channel, voltage-
dependent, alpha 2/delta subunit CACNA2D1 ICa 

Antzelevitch et 
al. 2007144 

BrS11 
KCND3,  Potassium voltage-gated 
channel, shal-related subfamily, member 
3 

KCND3 Ito 
Giudicessi et al. 
2011149 

BrS12 RANGRF (MOG1), Ran guanine 
nucleotide release factor RANGRF INa 

Kattygnarath et 
al. 2011150 

BrS13 SLMAP,  Sarcolemma associated 
protein SLMAP INa 

Ishikawa et al. 
2012151 

BrS14 TRPM4, Transient receptor potential 
cation channel subfamily M member 4 TRPM4 ICa Liu et al. 2013152 

BrS15 KCNE5, Cardiac voltage-gated  
potassium channel accessory subunit 5 KCNE5 Ito 

Ohno et al. 
2011153 

BrS16 SCN10A,  Sodium channel, voltage-
gated, type X, alpha subunit SCN10A INa 

Bezzina et al. 
2013154 
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Disease-modifying SNPs have been identified in Brugada syndrome patients. One particular SNP in 

SCN5A, H558R (rs1805124), has undergone much evaluation and has been shown to improve 

sodium channel activity in mutated channels and modify disease severity in patients with Brugada 

syndrome.155-157 The frequency of this SNP varies across ethnicities and has been found in around 

20% of Caucasians, 29% of African Americans, 10% of Chinese and 23% of Hispanics.158  

 

A recent GWAS of 312 patients with Brugada syndrome identified and validated signals at the 

SCN10A, SCN5A, and HEY2 genes, showing a cumulative effect on disease risk.154 This was the 

first identification of HEY2 as a locus involved in cardiac electrophysiology, and mouse studies 

suggest the locus has a role in regulation of repolarising currents, particularly in the right ventricular 

outflow tract.154 Following this GWAS, the SCN10A gene has been confirmed as a Brugada 

syndrome susceptibility locus, potentially a major locus with 17% of a Brugada syndrome cohort of 

150 probands having a mutation identified in this gene.159 

 

Intervention with an ICD is the currently the only therapy with proven benefit for Brugada syndrome 

patients, and is recommended in survivors of cardiac arrest and in patients with a type 1 Brugada 

ECG who are displaying symptoms such as syncope or seizure.129,160,161 There are suggestions that 

ICDs are unnecessary in some of the patients they are currently used in, and instead empiric 

quinidine therapy (which can block the transient outward potassium current Ito) has been 

proposed.162,163 Concerns remain about the potential pro-arrhythmic risks of this therapy, and to 

combat the lack of evidence a prospective registry for asymptomatic Brugada syndrome patients 

being treated with quinidine has been established.162 

 

In a large European registry of 1,029 patients with Brugada syndrome, the event rate was low 

amongst asymptomatic patients (0.5% per year), and the only independent predictors of cardiac 

events were the presence of symptoms and a spontaneous type 1 ECG.164 Surprisingly, the 

following variables were not predictive of events: gender, family history of SCD, inducibility of 

ventricular arrhythmias during an electrophysiology study, and an identified mutation in the SCN5A 

gene. 

1.4.3 Catecholaminergic polymorphic ventricular tachycardia 

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a malignant cardiac 

channelopathy where affected patients have a structurally normal heart and usually present in 

childhood with syncope following exercise or strong emotion.165 Patients usually have a normal 

resting ECG but adrenergic stimulation can induce VT, often a distinguishing version known as 

bidirectional VT where the QRS complex rotates 180 degrees beat to beat (Figure 1-7). Irregular 

polymorphic VT is also seen in some patients.  
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Untreated patients with CPVT have a high risk of syncope, cardiac arrest and SCD. Over eight 

years of follow-up a group of untreated patients had a rate of 58% for these events, with increased 

risk for those diagnosed at a young age and those with a history of aborted cardiac arrest.166  

 

Two genes have been linked to CPVT, the cardiac ryanodine receptor isoform 2 RyR2 (autosomal 

dominant inheritance, found in around 60% of tested patients) and cardiac calsequestrin isoform 2 

CASQ2 (autosomal recessive inheritance, found in 1-2% of tested patients).167-169 RyR2 is a large 

tetrameric protein spanning the sarcoplasmic reticulum and CASQ2 is a Ca2+-binding protein bound 

to the RyR2 channel. Mutations in these proteins result in excess Ca2+ being released into the 

cytosol from the sarcoplasmic reticulum during diastole, worsening with catecholaminergic 

stimulation. The increase in intracellular Ca2+ activates the Na+/Ca2+ exchanger, creating a transient 

inward current and delayed after-depolarisations, potentially triggering an extra action potential and 

an arrhythmia.170,171 

 

RYR2 is a very large gene, with 105 translated exons, potentially creating difficulties in diagnostic 

genetic screening. Comprehensive mutation analysis in a large cohort of patients with CPVT found 

mutations in 45 of the 105 exons with 65% of the mutations found in 16 exons, meaning targeted 

screening of those exons could be effective.172  

 

Beta-blockers are considered first-line therapy and can significantly reduce the rate of fatal and non-

fatal cardiac events, though they are not completely effective.166 Implantable cardioverter 

defibrillator intervention is recommended for survivors of cardiac arrest due to CPVT, but they can 

also cause arrhythmias in these patients when appropriate and inappropriate ICD shocks trigger 

catecholamine release and arrhythmic storm.173-175  

1.4.4 Short QT syndrome 

Short QT syndrome is characterised by an abnormally short QTc interval and an increased risk of 

SCD. A QTc interval of <390ms is considered abnormal,176 though as with LQTS there are 

overlapping QTc intervals in those with and without the inherited condition.177 A QTc of <330ms, 

described in early publications, is very rare in the general population. In a study of over 12,000 

healthy adults, the lowest half centile of QTc intervals ranged from 335ms to 360ms.178 Other large 

studies have confirmed this, with the prevalence of a QTc <340ms found to be less than 0.5% in 

over 10,000 Finnish adults.179 In these studies, those with a short QTc interval were not found to be 

at increased risk of sudden cardiac arrest or death, so other factors such as family history of SCD, 

history of syncope and additional ECG features are important in making a diagnosis.  

 

A definite clinical diagnosis of short QT syndrome requires repeat ECGs at varying heart rates to 

study QT duration and T wave morphology. Most symptomatic short QT syndrome patients have 

high amplitude T waves and a short J-point to peak T wave interval, making the ST segment 

absent.180 
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Mutations causing short QT syndrome have been found in six genes so far: KCNH2181, KCNQ1182, 

KCNJ2183 (types 1-3) , CACNA1C144, CACNB2b144, and CACNA2D1184 (types 4-6). Types 1-3 are 

caused by gain-of-function mutations in cardiac potassium channels, and types 4-6 by loss-of-

function mutations in subunits of the L-type calcium channel.  

1.4.5 Early repolarisation syndrome 

Early repolarisation, seen as slurring or notching at the end of the QRS (“J waves” or “J point 

elevation”), was initially thought to be harmless but has since been linked to idiopathic VF and to 

SCD in population-based studies.185-187 Early repolarisation itself is a relatively common ECG 

finding, but early repolarisation syndrome where the pattern is associated with VF and SCD is rare 

and occurs most commonly in young males and during sleep.188 Differences between studies 

regarding definition and diagnosis, small case numbers and ethnic variation have led to inconsistent 

data and findings and accurate risk stratification is not yet possible.  

 

There is evidence for heritability of the early repolarisation pattern, with a 2.5-fold increased risk of 

this pattern on the ECGs of offspring of affected parents in a large family-based cohort.189 A recent 

meta-analysis of GWAS looking at the early repolarisation pattern did not find any variants 

associated at genome-wide significance, potentially due to heterogeneity in case definition and a 

lack of statistical power. 

 

The first mutation linked to this syndrome, in the potassium channel gene KCNJ8, was identified 

following genetic screening of a patient with early repolarisation and idiopathic VF.190 Mutations in 

the L-type calcium channel genes CACNA1C, CACNB2B, and CACNA2D1 and in the sodium 

channel gene SCN5A have also been identified in patients with early repolarisation syndrome in two 

cohort studies.141,191  

1.4.6 Hypertrophic cardiomyopathy 

Hypertrophic cardiomyopathy is characterised by myocardial hypertrophy, myocyte disarray and 

fibrosis. Diagnosis relies on two-dimensional echocardiography or cardiac magnetic resonance 

imaging (MRI) and the disease is defined by an increase in left ventricular (LV) wall thickness, 

usually in the absence of LV dilatation and in the absence of another cardiac or systemic condition 

that could produce the level of hypertrophy present.192 The clinical phenotype is highly variable and 

the clinical course can result in arrhythmias, SCD, and heart failure. 

  

The prevalence of HCM is estimated to be 1 in 500 people,193 and it is the most common cause of 

SCD among young people in the USA (including in competitive athletes). However, the absolute risk 

of SCD is low, with an annual incidence of all cardiovascular death in patients with HCM of 1-

2%.194,195 Sudden death can be the first manifestation of the disease and occurs in middle-aged and 

elderly patients as well as adolescents and young adults.196,197 Female patients tend to be 

diagnosed at a later stage of disease progression than males and are more likely to progress to 
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end-stage heart failure, but no gender differences have been found in rates of SCD or overall 

mortality.198 Hypertrophic cardiomyopathy-related sudden death is most likely to occur in the 

morning and during sedentary activities, though can also occur during vigorous exercise.196,199  

 

Thickening of the LV wall causes an increase in cardiac mass, and myocytes in the ventricular 

septum and LV free wall are hypertrophied, bizarrely shaped, and arranged chaotically with 

interstitial fibrosis. This histopathology can cause abnormal intramural coronary arteries, small 

areas of myocardial ischaemia, and subsequent scarring, which then serves as a substrate for 

ventricular arrhythmias. The LV outflow tract can also become obstructed from a number of 

morphological features of the disease, mainly due to systolic anterior motion of the mitral valve 

leaflets.200 Conventionally LV outflow tract obstruction is defined as a Doppler LV outflow tract 

gradient ≥30mm Hg under resting conditions or during physiological provocation (i.e. the Valsalva 

manoeuvre or exercise).200  

 

Intense athletic training can produce an increase in LV wall thickness and mass that exceeds upper 

normal limits: the so-called “athletic heart”.201 Distinguishing between this hypertrophy and 

conditions such as HCM relies on careful clinical assessment including echocardiographic 

measurements of diastole, the presence of HCM in a relative, and genetic testing if a familial 

mutation has been identified.202 

 

Hypertrophic cardiomyopathy is inherited as an autosomal dominant trait and a mutation is 

identified in around 60% of tested cases200; molecular studies have identified over 900 mutations in 

23 genes encoding sarcomeric proteins, though only 11 of these have been confirmed through 

linkage analysis.203,204  The genes MYBPC3205 (encoding cardiac myosin binding protein C) and 

MYH7206 (encoding the β-myosin heavy chain of the thick filament of the sarcomere) together 

account for over 75% of HCM cases where a mutation has been identified.204 Other sarcomere 

genes confirmed to cause HCM include actin (ACTC), cardiac troponin T (TNNT2), cardiac troponin 

I (TNNI3), α-tropomyosin (TPM1), and the myosin light chains (MYL2, MYL3).207 The penetrance of 

mutations is highly variable indicating that genetic and environmental modifiers of disease must 

exist, and most mutations are private, meaning they are found only within a particular family.204  

 

Treatment to prevent SCD due to HCM relies mostly on ICDs, though there are no randomised 

controlled trials proving a survival benefit for these patients.208,209 In one multi-centre study, 25% of 

patients with HCM who received an ICD for either primary or secondary prevention received an 

appropriate shock terminating either VT or VF in three years of follow-up, and the mean age of 

patients receiving shocks was 40 years old.210 However, complications arising from the ICD and 

inappropriate shocks also occur relatively frequently, meaning implantation must be considered 

carefully.211 
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Risk stratification  

Risk stratification for primary prevention of SCD in patients with HCM has traditionally relied on five 

criteria: a recent history of unexplained syncope, LV wall thickness ≥30mm, documented non-

sustained VT, a family history of SCD due to HCM, and blood pressure changes in response to 

exercise.197,209  The most recent guidelines on HCM treatment from the American College of 

Cardiology Foundation and the American Heart Association advise that ICD intervention is 

reasonable in the presence of unexplained syncope, a family history of SCD or severe LV 

hypertrophy in isolation. Non-sustained VT and an abnormal blood pressure response are only 

considered significant in the presence of other risk factors.209 Following the publishing of a 

longitudinal study of 3,675 patients with HCM that resulted in a new risk prediction model for SCD 

(HCM Risk-SCD),212 the 2014 European Society of Cardiology guidelines recommend using this 

model, available as a web tool, to identify who should receive an ICD. Of the five previously 

mentioned risk factors, all but abnormal blood pressure response are included in the model, with the 

addition of current age and left atrial diameter.200 Patients are classified as high, intermediate or low 

risk (<4%, ≥4-<6% or ≥6% respectively over five years), with an ICD not indicated for low risk, to be 

considered for intermediate risk, and recommended for high risk.200 

 

Several studies have attempted to identify additional markers to improve risk prediction.208 Recently, 

Gray et al. assessed whether QTc prolongation was associated with appropriate ICD discharge in 

patients with HCM and with ICDs inserted, by definition a high-risk cohort. They found that those 

with a prolonged QTc interval (>439ms) were three-fold more likely to have an appropriate ICD 

discharge for VT or VF, and that QTc was the strongest clinical predictor.213 The effect of HCM on 

the QTc interval has been examined in several cohorts.214-220 Predominantly the QTc is longer in 

cases than controls, and in a large cohort of 479 patients the QTc was generally longer compared 

with healthy adults, with 13% of the affected group having a QTc  >480ms and five percent 

>500ms.214 

 

Associations between QTc length and the degree of hypertrophy have also been observed, 

although not consistently, perhaps due to different underlying causes of QTc prolongation between 

groups.218 Possible mechanisms for QTc prolongation other than hypertrophy and LV outflow tract 

obstruction include changes in the sympathetic nervous system, myocardial fibrosis, scarring, or 

ischaemia. Comparison of cardiac MRI results and ECGs in a large cohort of patients demonstrated 

that the number of ECG abnormalities was directly related to the severity of LV hypertrophy and 

myocardial fibrosis.220 

 

Some disease-modifying SNPs have been investigated; to date this includes those causing 

variability in the level of ventricular hypertrophy. In particular, several studies have genotyped HCM 

cohorts for polymorphisms in the renin-angiotensin-aldosterone system.221-223 Some minor 

associations have been reported however the largest and most recent study of 368 patients with 

MYBPC3 mutations found no major effects of these polymorphisms on phenotypic expression of 

HCM (measured by thickness of the interventricular septum).221-223 
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Other putative modifiers include a C-insertion in the 5’UTR of the MEF2C gene (myocyte enhancer 

factor 2C) associated with greater left ventricular outflow tract obstruction,224 a SNP in the promoter 

region of CALM3 (calmodulin 3) found more commonly in affected mutation carriers than in healthy 

mutation carriers and shown to affect promoter activity,225 and sex hormone receptor variants.226 

Two genome-wide association analyses in patients with HCM have identified several candidate 

modifier genes for cardiac hypertrophy.227,228 

 

The role of SNPs in arrhythmia genes on the risk of cardiac arrest or SCD in patients with HCM has 

not yet been explored. 

1.4.7 Arrhythmogenic right ventricular cardiomyopathy 

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterised by fibrous and fatty 

infiltration of the right ventricle and ventricular arrhythmias.  The fibro-fatty tissue progressively 

replaces healthy tissue, beginning in the epicardium or mid-myocardium and extending throughout 

the wall. This can lead to wall thinning resulting in aneurysms, and interference with electrical 

conduction resulting in ventricular arrhythmias. A characteristic feature of ARVC is a “triangle” of 

these structural changes located at the inflow tract, outflow tract, and apex of the right ventricle.229 

Diagnosis of ARVC can be challenging and involves combining results from several different 

diagnostic tests – 12 lead and signal-averaged ECGs, stress tests, echocardiography and cardiac 

MRI. Estimates of prevalence of ARVC range from 1 in 1000 (based on clinical referral rates) to 1 in 

5000 (based on pre-participation screening for sport), and the disease usually manifests during the 

second to fourth decades of life with syncope, palpitations and ventricular arrhythmias.230-232 

 

Arrhythmogenic right ventricular cardiomyopathy is mostly a disease of the junctions between 

cardiomyocytes formed by desmosomes, and is usually transmitted as an autosomal dominant trait 

with variable penetrance.233 Seven genes have been linked to ARVC: plakoglobin (JUB),234 

desmoplakin (DSP),235 plakophilin-2 (PKP2),236 desmoglein-2 (DSG2),237,238 desmocollin-2 

(DSC2),239,240 transforming growth factor beta-3 (TGFß3),241 and TMEM43.242 There are also 

recessive forms that are associated with skin conditions, such as Naxos disease and Carvajal 

syndrome.243,244 Genetic screening detects mutations in these genes in 40-50% of probands.245,246 

 

Wide variation seen in patient registries has made attempts at risk stratification for ARVC difficult. A 

history of syncope appears to consistently predict the risk of further events, and recently high-

density electroanatomic mapping of ARVC patients has shown that those with areas of slow and 

fragmented conduction due to islets of residual myocytes are at a higher risk of arrhythmias than 

those with dense scars.247 

 

Treatment includes anti-arrhythmic drug therapy including beta-blockers and amiodarone, catheter-

based ablation, and ICD implantation.248,249  
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1.4.8 Dilated cardiomyopathy 

The most common cardiomyopathy worldwide is dilated cardiomyopathy. It has multiple causes, 

and can be either acquired (most commonly due to coronary artery disease) or inherited.250 The 

main features of dilated cardiomyopathy include dilation of the LV and resulting systolic dysfunction, 

myocyte death and myocardial fibrosis. Diagnosis usually relies on echocardiography or cardiac 

MRI to assess LV size and function. Atrial and right ventricular dilation and dysfunction can also 

develop. The prevalence in adults is around one in 2,500, and the onset is most commonly seen in 

the age range 30-50 years though can occur from infancy to old age.250  Asymptomatic dilated 

cardiomyopathy may be present for several years before the disease is diagnosed, and 

consequently those affected are at risk of syncope, arrhythmias, heart failure, and SCD. 

Approximately 35-40% of cases are described as idiopathic after known causes are excluded (for 

example ischaemic heart disease, certain drugs/toxins, inflammatory, infectious or infiltrative 

disease, nutritional deficiencies, and peripartum causes).251  

 

The inherited form where two or more closely related family members are affected is referred to as 

familial dilated cardiomyopathy, which currently accounts for 20-35% of cases.252-254 Inheritance is 

mainly autosomal dominant (approximately 90%), but cases of X-linked, autosomal recessive and 

mitochondrial inheritance have also been identified. Of the 40 or so causative genes so far 

identified, they are diverse and include those for affecting the sarcomere, Z-disk, nuclear lamina, 

the dystrophin-associated glycoprotein complex and the intermediate filaments. 255 

 

A mutation is identified in up to 30% of patients undergoing genetic testing for dilated 

cardiomyopathy.255,256 Because of this low yield, genotyping of these patients is not currently routine 

clinical practice and an ECG and echocardiogram is recommended for screening of first degree 

relatives.257 Genetic tests are not yet useful for risk prediction as few genotype-phenotype 

correlations have been identified.  

 

Treatment mainly focuses on preventing disease progression and managing heart failure 

symptoms, including with neurohormonal antagonists (ACE inhibitors, beta-blockers, and 

spironolactone) and with device-based therapies.251 Cardiac resynchronisation therapy (the pacing 

of both ventricles) can improve LV ejection fraction and reverse LV remodelling,258 and ICD 

implantation is performed for primary prevention of SCD. Cardiac transplantation is indicated in 

patients with advanced symptomatic heart failure despite optimal treatment; dilated cardiomyopathy 

is the leading cause of transplantation worldwide.259 

1.4.9 Wolff-Parkinson-White syndrome 

Wolff-Parkinson-White syndrome occurs when there is an accessory electrical pathway between the 

atria and the ventricles, allowing the cardiac impulse to bypass normal conduction through the 

atrioventricular node. The impulse can also move from the ventricles back to the atria, resulting in 

supraventricular tachycardia and other arrhythmias. The prevalence in Western countries is 1.5 – 
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3.1 per 1,000 people, and symptoms can include pre-syncope, syncope, shortness of breath, and 

rarely, cardiac arrest and sudden death.260,261 Sudden death most likely occurs when atrioventricular 

reciprocating tachycardia (a type of supraventricular tachycardia) degenerates into atrial fibrillation 

and then to VF. Electrocardiographic markers of this syndrome are a short PR interval (<120ms), a 

prolonged QRS duration (>100ms), and an initial slurring of the QRS complex called a delta wave. 

 

A small percentage of cases are caused by mutations in the gene PRKAG2, inherited as an 

autosomal dominant trait with high penetrance and variable expression.262 Patients with these 

mutations may also develop cardiac hypertrophy. The protein product of PRKAG2 is a sub-unit of 

AMP-activated protein kinase, an enzyme with a number of roles in energy use and storage. The 

effect of different mutations on arrhythmia generation is still under investigation.263 Radiofrequency 

catheter ablation of the accessory pathway can successfully treat Wolff-Parkinson-White syndrome.  

1.5 Acquired causes of sudden cardiac death 

Around 80% of all SCD is a consequence of acquired cardiovascular disease, usually due to 

atherosclerosis.20 Varied pathophysiological processes contribute to acquired cardiovascular 

disease, thus predicting the risk of SCD is difficult. Issues include competing risks (factors 

increasing the risk of SCD are likely to increase the risk of non-sudden death as well), trying to 

stratify patients into binary risk categories when risk is a continuous function, and temporal 

variability in the characteristics used to define risk. Seeking to refine risk stratification, a number of 

recent studies have identified SNPs that can modulate the risk of SCD for patients with acquired 

heart disease. 

1.5.1 Coronary artery disease and acute coronary syndromes 

Cardiovascular disease encompasses heart disease, vascular disease and stroke. One component 

is coronary artery disease, due to atherosclerosis in the coronary arteries that supply blood to the 

heart muscle. The manifestations of coronary artery disease range from being asymptomatic to 

stable angina, acute coronary syndromes, and SCD.  

 

Around 50% of all deaths from coronary artery disease are sudden.264 Pre-existing coronary artery 

disease increases the risk of SCD (there was 2.8- to 5.3-fold increase of short term risk in the 

Framingham Study265), and a prior history of non-fatal MI can increase this risk even further.23 

Sudden death can be the first clinical sign of coronary artery disease, so an on-going challenge is to 

identify high-risk individuals before such events occur. 

 

Estimating the exact incidence of SCD due to coronary artery disease is difficult, for similar reasons 

as when estimating the total incidence of SCD (reliance on retrospective death certificate analysis, 

differing definitions, and a lack of prospective epidemiological studies). There are also regional 

differences in coronary artery disease prevalence and access to preventative and interventional 

care.266 The advent of percutaneous coronary interventions in the 1990s and new pharmaceutical 
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therapies are partial explanations for the general decline in mortality from coronary disease and 

MI.266,267  

 

Cardiac arrest leading to SCD as a result of coronary artery disease can result from four patterns: 

transient ischaemia, acute MI, scar formation post MI, or an ischaemic cardiomyopathy due to a 

large MI or post-MI remodelling and heart failure (Table 1-4).268  

 

Lethal ventricular arrhythmias following acute MI are most likely in the first few hours, then the first 

12 months after which the risk declines.269 The Valsartan in Acute Myocardial Infarction Trial 

(VALIANT) was the largest study to assess the time-dependence of SCD risk following MI. With 

14,609 MI survivors with heart failure or impaired LV function included, the highest risk occurred 

during the first 30 days (1.4% per month), reducing to 0.4% per month after two years.270 

Arrhythmia risk is affected by the size of the infarct, recurrent ischaemia and reperfusion, autonomic 

factors and electrolyte abnormalities.37,271 Arrhythmias arise from re-entry or from abnormal 

automaticity of myocytes,  and manifest as bursts of VT, sometimes evolving to VF (see section 

1.4).272  

 

Table 1-4  Key features of arrhythmias resulting from coronary artery disease 

 
SCD = sudden cardiac death; MI = myocardial infarction; LV = left ventricular 

  

Mechanism for SCD              Key features 

Transient ischaemia 
 Areas of ischaemia and reperfusion cause electric gradients 

across the myocardium, providing a substrate for arrhythmias268 
 May be responsible for SCD resulting from first coronary events  

Acute MI  
(24-48h after onset) 
 

 Differences in myocyte electrophysiology between infarct area 
and other regions can cause re-entrant loops leading to cardiac 
arrest268 

 Early interventions to reperfuse infarct area reduce arrhythmia 
generation 

Post-MI scar formation  
(48h onwards) 
 

 Arrhythmias during this time period predict later risk of SCD, 
dependent on level of myocardial injury and LV ejection 
fraction273 

 After initial event, the first 30 days is the highest risk period for 
SCD in patients with LV dysfunction270 

Post-MI ischaemic 
cardiomyopathy  
(chronic phase) 

 Risk of SCD increases with ventricular remodelling  
 Risk increases over time as cardiomyopathy and heart failure 

develops 
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Risk stratification for sudden cardiac death in patients with coronary artery disease 

Risk profiling for coronary artery disease and resulting SCD can be at a population level, such as 

the Framingham risk factors,274 or at an individual level where markers of existing or underlying 

disease are useful. Risk markers can be clinical, electrophysiological, and genetic. 

 

Several markers based on ECG data have been evaluated, including QRS duration, QT interval 

length, and T wave alternans. A prolonged QRS duration was associated with increased total and 

arrhythmic mortality in the Multicenter Unsustained Tachycardia Trial (MUSTT) which included 

patients with coronary artery disease and LV dysfunction, but this has not been replicated in further 

studies.275 T wave alternans is a beat to beat alternating pattern in the amplitude of the T wave 

resulting from abnormal calcium handling in the cell. Very small changes can be detected (microvolt 

T wave alternans) and again although this marker has been associated with the risk of arrhythmic 

death, this has not been consistently replicated and its utility is still uncertain.264 

 

The QT interval lengthens to varying degrees post-MI, with the maximal QT interval likely occurring 

between 2-11 days later and usually returning to near baseline levels.276 Several studies have 

shown the QT interval to be predictive of SCD or further major cardiovascular events in this setting, 

with the definition of a “prolonged” QTc varying from ≥430ms to ≥460ms. 277,278,279 However, some 

studies have found no association, potentially due to limitations in study design (including QT 

measurement, correction for heart rate, and the length of follow-up).276  

 

Programmed ventricular stimulation is a catheter-based procedure where the ventricle is electrically 

stimulated prematurely, usually at the apex and the outflow tract of the right ventricle. The 

assumption is that if a ventricular arrhythmia can be induced, spontaneous arrhythmias are more 

likely to occur. The main limitation of this tool for risk stratification is its small negative predictive 

value (the proportion of negative results that are truly negative), meaning patients without inducible 

arrhythmias are not necessarily truly at a low risk.280  

 

Risk stratification for ICD intervention for primary prevention of SCD post-MI is based mainly on the 

measurement of LV ejection fraction. Implantation is recommended for patients at least 40 days 

post-MI with an ejection fraction of ≤35% and New York Heart Association functional class II or III, 

and in patients at least 40 days post-MI with an LV ejection fraction ≤30% and functional class I.281  

While several trials have shown a mortality benefit for ICDs in high-risk post-MI patients with a low 

LV ejection fraction,282-284 trials for either early ICD placement or home automated external 

defibrillators for post-MI patients have not demonstrated a mortality benefit.285-287 Although those 

with an ICD in these trials had a lower rate of death from arrhythmia, their rate of death from other 

causes offset this (most likely heart failure or recurrent ischaemia).288 Also, recurrent MI or 

mechanical complications such as cardiac rupture account for a high proportion of SCD in the early 

period following an MI, for which an ICD provides no benefit.289 
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Investigations into the genetic component of risk of SCD for patients with coronary artery disease 

began after initial analyses showed that a family history of sudden arrhythmic death was an 

independent risk factor for cardiac arrest or SCD following an MI.290,291 Exploration has been based 

on GWAS and on candidate genes from genes linked to arrhythmia syndromes such as LQTS (see 

section 1.6.2 for more information on GWAS). Genetic variants may predispose individuals to 

arrhythmias in an ischaemic setting and various analyses have identified an assortment of such 

SNPs (Table 1-5). 

 

The patient cohorts for these association studies have varied widely. Arrhythmic or SCD events 

may have had to occur in a period of acute ischemia, in patients with stable documented coronary 

artery disease, or for one study, coronary artery disease was assumed in all study participants over 

aged 50.292-294 The variations in case definition and in the definition of an “ischaemic setting” might 

help explain the lack of replication for some GWAS results, particularly when comparing SNPs 

affecting arrhythmias that occur early after MI with those occurring in the chronic phase years after 

an ischaemic event.  
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Table 1-5 SNPs associated with SCD or cardiac arrest in an ischaemic setting 

 

continued following page  

Locus Gene name SNP 
identifier Clinical setting 

ACYP2 Acylphosphatase 2, muscle type rs1559040 GWAS: Cardiac arrest in 
the setting of CAD293 

AGTR1 Angiotensin II receptor, type 1 rs263936 GWAS: Cardiac arrest in 
the setting of CAD293 

AP1G2 Adaptor-related protein complex 1, 
gamma 2 subunit 

rs2281680 
rs11624056 

GWAS: Cardiac arrest in 
the setting of CAD293 

CASQ2 Calsequestrin 2 (cardiac muscle) 

rs17500488 
rs3010396 
rs7366407 
rs7521023 

SCD-case control in 
patients with CAD 292,295 

CXADR Coxsackie virus and adenovirus receptor rs2824292 First acute MI294 

DEGS2 Delta(4)-desaturase, sphingolipid 2 
rs7157599 
rs17718586 
rs597503 

GWAS: Cardiac arrest in 
the setting of CAD293 

ESR1 Estrogen receptor 1 

rs2982694 
rs10765792 
rs7307780 
rs12429889 

GWAS: Cardiac arrest in 
the setting of CAD293 

GPC5 Glypican 5 rs3864180 Cardiac arrest in the 
setting of CAD296 

GPD1L Glycerol-3-phosphate dehydrogenase 
1-like rs9862154 SCD-case control in 

patients with CAD292 

GRIA1 Glutamate receptor, ionotropic, AMPA 1 rs12189362 GWAS: Cardiac arrest in 
the setting of CAD293 

KCNH2  Potassium voltage-gated channel, 
subfamily H (eag-related), member 2 rs1805123 

Increased risk of 
torsades de pointes in 
sub-acute phase post 
MI297 

KCNJ2 Potassium inwardly-rectifying channel, 
subfamily J, member 2 rs17779747 Patients with first 

STEMI298 
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Table 1-5 continued 

 
GWAS = genome-wide association study; CAD = coronary artery disease; MI = myocardial infarction; SCD = sudden cardiac 
death; STEMI = ST elevation myocardial infarction 
 
 

1.5.1 Heart failure secondary to coronary artery disease 

Sudden cardiac death is common in patients with heart failure, in whom the heart can longer pump 

effectively to fulfil the body’s needs. Left ventricle dilatation and a reduced LV ejection fraction can 

lead to ventricular arrhythmias, though ischaemic events, electrolyte disturbances, emboli or other 

vascular events can also cause SCD in these patients.301 

 

Identifying the predictors and mechanisms of SCD in patients with heart failure is difficult as the 

population is comprised of multiple aetiologies and the remodelling process in the failing heart is a 

dynamic process. The main measure used currently in clinical practice is the LV ejection fraction, 

and patients with an ejection fraction <30-35% are considered to be at high risk of SCD.302 This is 

an imperfect strategy however, as the majority of SCDs occur in patients with a relatively preserved 

ejection fraction.303 The levels of the neurohormone B-type natriuretic peptide (BNP) (and N-

Locus Gene name SNP identifier Clinical setting 

KCTD1 Potassium channel tetramerization 
domain containing 1 rs16942421 GWAS: Cardiac arrest in 

the setting of CAD293 

NOS1AP Nitric oxide synthase 1 (neuronal) 
adaptor protein 

rs12084280 
rs10918859 

SCD-case control in 
patients with CAD292 

RAB3GAP1 RAB3 GTPase activating protein 
subunit 1 (catalytic) rs6730157 SCD-case control in 

patients with CAD299 

SCN10A Sodium channel, voltage-gated, type 
X, alpha subunit rs6795970 Patients with first 

STEMI298 

TGFBR2 Transforming growth factor, beta 
receptor II rs9838682 Cardiac arrest in the 

setting of CAD300 

ZNF365 Zinc finger protein 365 rs2077316 SCD-case control in 
patients with CAD299 

ZNF385B Zinc finger protein 385B rs16866933 
rs4621553 

GWAS: Cardiac arrest in 
the setting of CAD293 
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terminal pro-BNP) are a strong predictor of SCD in patients with heart failure.304  Other predictors 

include cardiothoracic ratio, New York Heart Association functional class, LV end-diastolic diameter, 

the presence of non-sustained VT, and serum potassium.304,305  

 

Therapies such as beta-blockers and aldosterone antagonists that reduce the progression of heart 

failure also lower the risk of SCD. At later stages of disease, proven therapies include cardiac 

resynchronisation therapy and ICD intervention.305,306  Current recommendations are to consider 

ICD implantation for primary prevention of SCD in patients with an LV ejection fraction ≤35% and 

mild to moderate heart failure symptoms, and otherwise good functional capacity >1 year.301 

Patients with end-stage heart failure are not likely to benefit from ICD placement as death from 

progressive pump failure may emerge as a competing risk if sudden death is avoided. 

1.5.2 Valvular heart disease 

Valvular heart disease, particularly aortic stenosis (the narrowing of the aortic valve), can result in 

SCD though this is a much less common occurrence now effective surgical valve replacement is 

commonplace. Aortic stenosis has three main causes: rheumatic heart disease, a congenital 

abnormality (mainly bicuspid aortic valve), or age-related calcification of the valve. The pressure 

overload as a result of the LV outflow obstruction can result in LV hypertrophy, and signs and 

symptoms include syncope, dyspnoea, angina pectoris and ultimately heart failure. The incidence of 

SCD among symptomatic patients ranges between 8 % and 34 %.161 Mitral valve prolapse has also 

been associated with SCD but this has been documented rarely.161 

1.5.3 Inflammatory and infiltrative diseases 

Myocarditis, inflammation of the myocardium, most commonly results from viruses, parasites, or 

autoimmune disorders.307 The traditional definition requires the presence of inflammatory cells and 

myocyte necrosis in a microscopic section of heart tissue, though cardiac MRI is increasingly being 

used for diagnosis. Myocarditis can cause chest pain, dyspnoea, syncope, and lead to arrhythmias 

for 18% of 3,055 patients in a large European study.308 These arrhythmias can range from benign 

conduction abnormalities to VT or VF resulting in SCD. However, it can be difficult to prove 

myocarditis to be the cause even when inflammatory cells are present.309 

 

Sarcoidosis is an inflammatory disease where granulomas form in body tissues, including the heart. 

Granulomas infiltrate the myocardium causing fibrotic scars and subsequent conduction system 

disease, arrhythmias, heart failure and SCD.  Conduction problems arising from this disease may 

respond to immunosuppressive therapy, steroids to reduce inflammation, and radiofrequency 

ablation.310  

 

Cardiac amyloidosis is another infiltrative cardiomyopathy that can also cause SCD involving the 

deposition of amyloid protein fibrils in the cardiac tissue, including the conduction system.311 These 

fibrils consist of misfolded proteins resulting from excess production or specific mutations in 
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precursor proteins which can be inherited or acquired through somatic mutations.311 The clinical 

course depends on the amyloid type, but death is usually arrhythmic or due to heart failure.312  

1.5.4 Acquired conduction disorders 

Acquired conduction disorders include diseases of the sinus or atrioventricular node and His-

Purkinje system, accessory conduction pathways, and the acquired form of LQTS. 

 

Acquired LQTS consists of a long QT interval and potentially torsades de pointes in response to the 

environment, usually with a return to baseline upon removal of the stressor. Causes include 

electrolyte abnormalities, hypothermia, certain toxins, central nervous system damage, and most 

commonly, QT-prolonging drugs.313  

 

A range of drugs have been implicated in acquired LQTS, including anti-arrhythmics, 

antihistamines, antifungals, and antipsychotics. A number of drugs have had to be withdrawn from 

the market after their QT-prolonging side effects were identified,314 and these most often affect and 

block the repolarisation current IKr though have been known to affect IKs.315 The aromatic amino 

acids in the Kv11.1α protein have high affinity binding sites for drug compounds, and a pair of 

proline residues near the channel pore means the binding site is less restricted than other 

channels.316 Reduction in IKr leads to prolonged repolarisation and an increased risk of arrhythmias.  

 

The concept of “repolarisation reserve” describes the ability of the myocardium to repolarise through 

several inward and outward currents, meaning that a single defect or risk factor is unlikely to cause 

an arrhythmia and several sub-clinical “hits” are needed.317 Common genetic variation can affect 

this reserve, potentially leading to increased susceptibility to drug-induced LQTS.318 Examples 

include polymorphisms in the known LQTS-causing genes, most commonly KCNQ1,316 as well as 

drug-metabolising genes such as CYP2D6.319 Rare variation in genes related to congenital LQTS 

can also play a role. This usually has sub-clinical effects until the presence of an environmental 

trigger (i.e. drug administration); in a series of 31 patients with drug-induced LQTS, targeted exome 

sequencing revealed 11 patients (36%) had novel missense mutations in genes with congenital 

arrhythmia associations.320 

1.5.5 Commotio cordis 

Commotio cordis is a cardiac arrest resulting from a non-penetrating blunt blow to the chest, 

causing either myocardial trauma or mechanoelectrical triggering of a ventricular arrhythmia. This 

can occur particularly if the blow takes place in a narrow 15ms window during repolarisation (just 

before the T wave peak).161 In an analysis of 1,866 sudden deaths of young athletes in the United 

States, 65 (4%) were found to be due to blunt precordial blows.321 This is uncommon and seen 

mainly in sports such as baseball or hockey, and has no known underlying genetic susceptibility. 
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1.5.6 Stress cardiomyopathy (Takotsubo cardiomyopathy) 

Stress cardiomyopathy (also known as Takotsubo cardiomyopathy or transient left ventricular apical 

ballooning syndrome) mimics ST-segment elevation acute MI and is characterised by transient 

“ballooning” at the apex of the LV. First described in Japan in 1990, the ballooning results from 

apical and mid-ventricular regional wall-motion abnormalities, and occurs in the absence of 

obstructive coronary artery disease.322 Though the rate of VF in patients with this condition is 

estimated to be around 1.5%,323 patients can present with sudden death.324 

 

This syndrome is most commonly found in postmenopausal women following acute emotional or 

physiological stress, and the pathophysiology is still largely unknown.323 Outcomes are generally 

favourable with a recurrence rate of 11% over four years;325  however it can result in heart failure in 

around 20% of cases.326  

1.6 Heritability of traits related to sudden cardiac death  

Studies showing that a family history of SCD has led to an increased risk of SCD for an individual 

provide strong evidence for a genetic contribution. In the Paris Prospective Study which included 

7,746 asymptomatic middle-aged males followed for 23 years, parental SCD was an independent 

predictor of SCD (relative risk of 1.89 with one parent who died suddenly and 9.44 if both parents 

died suddenly).327 In a recent Danish study including nearly 4 million people, unexplained premature 

deaths in relatives increased the risk of ventricular arrhythmias by up to 80%.328 

1.6.1 Heritability of ECG traits and association with sudden cardiac death 

One approach for understanding the genetic basis for arrhythmias is to break the complex 

phenotype of arrhythmia or SCD down to the relevant biological processes or “intermediate 

phenotypes”, such as heart rate and other ECG parameters. There should be greater statistical 

power to detect genes influencing these relatively simple traits.89 Quantitative ECG traits such as 

the QT, PR, and RR intervals and the QRS duration are heritable, though have many genetic 

variants with minor effects and a number of environmental influences.329-331 The heritability of the 

heart rate is estimated at 26%330 and the QT interval at 35-50%.329,332,333 These traits are all related 

– for example QRS duration is positively correlated with both the PR interval (r2 = 0.09) and the QT 

interval (r2 = 0.44).334 

 

QRS duration is a predictor of SCD in the general population,335 as is a prolonged QTc interval336,337 

and a high resting heart rate.338-340  A case control analysis of nearly 700 people in the Oregon 

Sudden Unexpected Death Study showed those with an idiopathic prolonged QTc (defined as 

>450ms for men and >470ms for women) had a five-fold increased risk of SCD.341 The largest 

published community study examining the association between the QTc interval and long term risk 

of cardiovascular death demonstrated a dose-response relationship, where a longer QTc equaled 

an increased risk of both cardiovascular and non-cardiovascular death (173,529 Danish primary 
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care patients aged 50-90 years were included).342 The strongest relationship was found between 

cardiovascular death and men with a QTc interval ≥466ms (≥99th percentile), while short QTc 

intervals (≤379ms, below the first percentile) were associated with cardiovascular death in women.  

1.6.2 Genome-wide association studies 

Genome-wide association studies involve the genotyping of a large number of SNPs across the 

genome to look for associations with disease and biological traits. This is in contrast to candidate 

gene studies with pre-specified genes of interest. These studies rely on linkage disequilibrium – the 

non-random association of two alleles, where they are found together more often than expected by 

chance alone. This is usually due to linkage (proximity) on the chromosome but can arise at 

unlinked loci from selection or non-random mating.343 Once linkage disequilibrium patterns in a 

region are known, “tag SNPs” are chosen to represent the variation in that region.344 Linkage 

disequilibrium patterns differ between ethnic groups; usually groups of individuals with similar 

ancestry are analysed together and to date most GWAS have been carried out in Caucasians.345 

 

A variant identified in a GWAS may not be the causal variant and instead indicates a locus of 

interest requiring further investigation.346  If the objective of a study is to identify markers of disease 

for risk prediction then the exact location of the causative variant is not necessary (as long as the 

identified variant is tightly linked to the causal variant), but if functional studies and new 

mechanisms for disease are sought then the causal variant itself needs to be identified. Because of 

the modest effect sizes and high thresholds for significance (often p values <5 x 10-8), very large 

sample sizes are usually necessary. 

 

Several GWAS have investigated the risk of cardiac arrest or SCD in the general population and 

identified loci of interest; some of these were not significant upon replication. The number of loci 

identified is much smaller than other complex diseases examined with GWAS, perhaps due to 

heterogeneity in case definition and underlying pathology.347 Although significant associations have 

been identified, no clinically useful predictors have been found, usually because even with a 

significant P value the clinical effect sizes are too small. Panels of common and rare genetic 

variants could be combined to indicate risk levels and as sequencing technologies develop these 

could be applied to individual risk prediction. The SNPs previously found to be associated with 

cardiac arrest or SCD are listed below (Table 1-6). 
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Table 1-6 SNPs associated with the risk of cardiac arrest or SCD in the general population 

 
 

1.6.1 Genome-wide association studies and ECG traits 

The genetic basis of several ECG parameters has been investigated using GWAS. The detected 

variants may have a very modest effect on ECG parameters individually, so even with large sample 

sizes further associations with SCD might not be detectable. One way of overcoming the small 

effect sizes from these risk alleles is to combine them into a “genotype score”. For example, 11 of 

the most significant SNPs in a large QT interval GWAS were used to create a genotype score-

based risk model, which when validated in an independent cohort was strongly associated with QTc 

(p = 2.0 x 10-31), and explained 4.7% of the variance.332  

Genome-wide association studies for the QT interval 

The original GWAS searching for associations with QT interval duration identified the gene 

NOS1AP,360 and subsequent GWAS have confirmed this association with multiple independent 

signals.361-364 Several other loci have been associated with QT interval length at genome-wide 

significance, including some with previously known links to cardiac repolarisation and the QT 

interval (Table 1-7).  

Locus Gene name SNP identifier 

ADRB2 Adrenoceptor beta2, surface rs1042714348,349 

AGTR1 Angiotensin II receptor, type 1 rs1492099350 

BAZ2B Bromodomain adjacent to zinc finger domain 
protein 2B rs4665058351 

9p21 near CDKN2B Cyclin-dependent kinase 4 inhibitor B rs10757274352 

KCNQ1 Potassium voltage-gated channel, KQT-like 
subfamily, member 1 rs2283222353 

LPCAT1 Lysophosphatidylcholine acyltransferase 1 rs7737692354 

NRG1 Neuregulin 1 rs10503929355 

NOS1AP Nitric oxide synthase 1 adaptor protein 
rs16847549356 
rs4657139356 
rs12567209357 

SCN5A Voltage gated sodium channel type V 
rs11720524353 
rs7626962358 
rs41312391359 

TKT/CACNA1D/PRKCD 
Transketolase/ Calcium channel, voltage-
dependent, L type, alpha 1D subunit/ Protein 
kinase C, delta 

rs4687718351 
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Table 1-7 SNPs associated with QT interval length during GWAS 

 

continued following page 

Locus Gene name SNP identifier 

ANKRD9 Ankyrin repeat domain 9 rs2273905364 

ATP1B1 ATP-ase, Na+/K+ transporting, beta 1 polypeptide rs10919071362 

ATP2A2 ATPase, Ca++ transporting, cardiac muscle, slow twitch rs3026445364 

AZIN1 Antizyme inhibitor 1 rs1961102364 

CAV1 Caveolin 1, caveolae protein, 22kDa rs9920364 

CREBBP CREB binding protein rs1296720364 

ELP6 
(C3Orf75) Elongator acetyltransferase complex subunit 6 rs17784882364 

FEN1/ 
FADS2 Flap structure-specific endonuclease 1/  fatty acid desaturase 2 rs174583364 

GBF1 Golgi brefeldin A resistant guanine nucleotide exchange factor 1 rs2485376364 

GFRA3 GDNF family receptor alpha 3 rs10040989364 

GMPR Guanosine monophosphate reductase rs7765828364 

KCNE1 Potassium voltage-gated channel, Isk-related family member 1 rs1805128361 

KCNH2 HERG/Potassium voltage-gated channel, subfamily H  
(eag related), member 2 

rs2968863361,362 
rs4725982361,362 

KCNJ2 Potassium inwardly-rectifying channel, subfamily J, member 2 rs17779747362 

KLF12 Kruppel-like factor 12 rs728926364 

LAPTM4B Lysosomal protein transmembrane 4 beta rs11779860364 

LITAF Lipopolysaccharide-induced TNF factor rs8049607361,362 

MKL2 myocardin-like 2 rs246185364 

NDRG4 NDRG family member 4 rs37062361  
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Table 1-7 continued 

 

NOS1AP encodes the nitric oxide synthetase 1 adaptor protein (or CAPON), a neuronal regulator of 

the nitric acid synthase pathway. The associations between SNPs in the NOS1AP gene and both 

the QT interval and SCD have been widely replicated across several different ethnic groups. The 

NOS1AP protein has two domains, and it interacts with the enzyme nitric oxide synthase 1. Though 

first identified in rat brain neurons, it is expressed in the human heart and may help direct nitric 

oxide 1 to specific organelles within cardiomyocytes.365 In animal models, overexpression causes 

Locus Gene name SNP identifier 

NOS1AP Nitric oxide synthase 1 adaptor protein 

rs12143842361,362 
rs2880058363 
rs10494366360,363 
rs12029454361 
rs16857031361 
rs4657178362 

PLN 
 

Phospholamban 
 

rs12210810362 
rs11970286360,361 

PRKCA Protein kinase C, alpha rs9892651364 

RFFL/LIG3 Ring finger and FYVE-like domain containing 1ligase III repair rs2074518361 

RNF207 Ring finger protein 207 rs846111361,362 

SCN5A Voltage gated sodium channel type V rs12053903361,362 

SLC4A4 Solute carrier family 4  (sodium bicarbonate cotransporter), 
member 4 rs2363719364 

SMARCAD1 SWI/SNF-related, matrix-associated actin-dependent 
regulator of chromatin, subfamily a rs3857067364 

SP3 Sp3 transcription factor rs938291364 

SPATS2L Spermatogenesis associated, serine-rich 2-like rs295140364 

SUCLA2 Succinate-CoA ligase, ADP-forming, beta subunit rs2478333363 

TBX5 T-box 5 rs3825214334 

TCEA3 Transcription elongation factor A (SII), 3 rs2298632364 

TTN/ 
CCDC141 

Titin/ Coiled-coil domain containing 141 rs7561149364 

USP50/ 
TRPM7 

Ubiquitin specific peptidase 50/ transient receptor potential 
cation channel, subfamily M, member 7 

rs3105593364 
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acceleration of cardiac repolarisation by inhibiting L-type calcium channels and enhancing 

potassium channels (IKr).366  

 

Gene expression analyses performed on ventricular tissue samples obtained from extracted 

pacemaker and ICD leads showed that two NOS1AP SNPs were associated with decreased levels 

of NOS1AP RNA and shorter repolarisation times.367 This is consistent with findings in patients with 

congenital LQTS, where polymorphisms in NOS1AP have been found to affect QT interval length 

and the risk of cardiac events (see section 1.4.1). 

 

Recent analyses have identified a non-coding SNP, rs7539120, as a cardiac enhancer element 

which is the likely functional variant for the QT interval in the NOS1AP gene.368 These analyses also 

localised the NOS1AP protein to intercalated discs in cardiomyocytes, suggesting a role in 

modulating ion flow through the gap junctions. 

Genome-wide association studies for the PR interval 

The PR interval reflects conduction in the atria, atrioventricular node and the His-Purkinje system. 

Two GWAS of the PR interval have been carried out in people with European ancestry,334,369 one in 

African Americans,370 and one in a founder population in Micronesia.371 The PR interval has also 

been included in other GWAS looking at a range of ECG traits.372 A number of SNPs were 

associated with PR interval length; these have been found in sodium channel genes and 

transcription factor genes with established roles in heart development (Table 1-8). 

 

Table 1-8 SNPs associated with PR interval length identified during GWAS 

Locus Gene name SNP identifier 

ARHGAP24 Rho GTPas activating protein 24 rs7660702334 

CAV1/CAV2 Caveolin 1,2 rs3807989369 

MEIS1 Meis homeobox 1 
rs10865355369,370 
rs11897119369 

NKX2-5 NK2 transcription factor related, locus 5 rs251253369 

SCN10A Voltage gated sodium channel type X rs6795970334,369 

SCN5A Voltage gated sodium channel type V 

rs3922844370 
rs11708996369 
rs6599222370 
rs7627552372 

SOX5 Sex determining region Y-box 5 rs11047543369 

TBX5/TBX3 T-box 5,3 rs1896312369 
rs7312625370 

WNT11 Wingless-type MMTV integration site family, member 11 rs4944092369 
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Genome-wide association studies for QRS duration 

The QRS duration reflects the time taken for ventricular depolarisation, and its length depends on 

the ventricular conduction system. The largest meta-analysis of GWAS on QRS duration found 22 

loci at genome-wide significance, and collectively these SNPs accounted for 5.7% of the observed 

QRS variance (Table 1-9).373  QRS duration has also been included in other GWAS looking at a 

range of ECG traits.334 

 

Table 1-9 SNPs associated with QRS duration identified during GWAS 

 

continued following page 
 
 
 
 

Locus Gene name SNP identifier 

C6Orf204/PLN/SLC35F1 Phospholamban/ Solute carrier family 35, member 
F1 

rs11153730373 

CASQ2 Calsequestrin 2 rs4074536373 

CDKN1A Cyclin-dependent kinase inhibitor 1A rs1321311334,373 

CDKN2C Cyclin-dependent kinase inhibitor 2C  rs17391905373 

CRIM1 Cysteine rich transmembrane BMP regulator 1 
(chordin-like) 

rs7562790373 

DKK1 Dickkopf-related protein 1 rs17333724334,373 

GOSR2 Golgi SNAP receptor complex member 2 rs17608766373 

HAND1 Heart and neural crest derivatives expressed 1 rs13165478373 

HEATR5B/STRN HEAT repeat containing 5B/Striatin, calmodulin-
binding protein 

rs17020136373 

IGFBP3 Insulin-like growth factor binding protein 3  rs7784776373 

KLF12 Kruppel-like factor 12 rs1886512373 

LRIG Leucine-rich repeats and immunoglobulin-like 
domains 3 

rs2242285373 

NFIA Nuclear factor I/A rs9436640373 

PRKCA Protein kinase C, alpha rs9912468373 

RNF11 Ring finger protein 11 rs17391905373 



 

  45 

Table 1-9 continued 

 
 
Genome-wide association studies for heart rate 

Eleven loci have been identified that have associations with heart rate in populations of European 

ancestry, and two of these were also identified in East Asian populations (Table1-10).334,374,375 One 

of the identified loci (GJA1) is a component of cardiac gap junctions and has a known role in 

arrhythmia generation.376  

  

Locus Gene name SNP identifier 

SCN5A/ SCN10A 
 

Voltage gated sodium channel type V/ type X 
 

rs2051211373 
rs10865879373 
rs11710077373 
rs11129795334,373 
rs9851724373 
rs6801957373 

SETBP SET binding protein 1 rs991014373 

SIPA1L1 Signal-induced proliferation-associated 1 like 1 rs11848785373 

TBX20 T-box 20 rs1362212373 

TBX3 T-box 3 rs10850409373 

TBX5 T-box 5 
rs883079370 
rs3825214334 

TKT/PRKCD/CACNA1D 
Transketolase/Protein kinase C/Voltage 
dependent calcium channel, L type, alpha 1D 
subunit 

rs4687718373 

VTI1A Vesicle transport through interaction with t-
SNAREs homolog 1A 

rs7342028373 
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Table 1-10 SNPs associated with R-R interval (heart rate) identified during GWAS 

 

1.7 Clinical genetic testing for sudden cardiac death risk prediction 

Genetic testing for Mendelian-inherited diseases such as LQTS is becoming increasingly common. 

Long QT syndrome was the first arrhythmogenic disorder with commercial testing available, and 

along with HCM is a major focus of this thesis; therefore much of the discussion below concerns 

LQTS and HCM. 

 

A major challenge for the interpretation of clinical genetic tests is distinguishing pathogenic 

mutations from benign variants, and the advent of high through-put sequencing technologies (such 

as whole-exome and whole-genome sequencing) will complicate this further by increasing the 

number of variants detected. Both the evidence implicating candidate genes and the evidence for 

individual candidate variants must be evaluated carefully to avoid false-positive reports of 

causality.377 Incidental (or “secondary”) genetic data generated through these approaches must also 

be considered. An analysis of secondary whole-exome sequence data from 870 people not selected 

for a family history of arrhythmias or SCD found a prevalence of 0.5% of pathogenic variants in 

Locus Gene name SNP identifier 

CD34 CD34 molecule rs2745967374 

CD46 CD46 molecule, complement regulatory protein rs12731740375 

GJA1 Gap junction protein, alpha 1 

rs9398652374 
rs12110693375 
rs12731740375 
rs11154022374 

SLC35F1/PLN Solute carrier family 35, member F1/ Phospholamban rs281868374 

SLC12A9 Solute carrier family 12 (potassium/chloride transporters), 
member 9 rs314370374 

FADS1 Fatty acid desaturase 1 rs174547374 

SOX5/BCAT1 SRY (sex determining region Y)-box 5/Branched chain 
amino-acid transaminase 1, cytosolic rs17287293374 

GPR133 G protein-coupled receptor 133 rs885389363 

MYH6 Myosin, heavy chain 6, cardiac muscle, alpha rs452036374 
rs365990334,374 

MYH7 Myosin, heavy chain 7, cardiac muscle, beta rs223116374 

UFSP1 UFM1-specific peptidase 1 rs12666989374 
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known cardiomyopathy or arrhythmia genes, including patients with subclinical evidence of disease 

that may have otherwise gone undetected.378  

1.7.1 Clinical genetic testing for long QT syndrome 

An LQTS-causing mutation will be found in approximately 75% of patients with clinically certain 

LQTS undergoing genetic testing, with 13 culprit genes identified thus far (Table 1-1).70 Potential 

reasons for the negative result in the remaining 25% cases include novel LQTS-causing genes, 

mutations in known genes that are not detected by conventional testing methods, and other 

abnormalities mimicking LQTS. Technical failures such as allelic dropout (when a PCR primer fails 

to anneal due to a SNP in one allele) or errors in denaturing high performance liquid 

chromatography instruments may have been an issue in some historic cases.379 Re-testing of 44 

such “genotype negative” cases by direct sequencing identified LQTS-causing mutations in 16% of 

cases.380  One report from a centre carrying out cardio-genetic screening over a 15 year period 

described a decreased yield in DNA testing over time, for LQTS as well as HCM and CPVT.381 This 

could partly be explained by more recent testing of those with a less severe phenotype and the 

referral of families with fewer affected members.  

 

Traditional sequencing approaches also do not identify gene rearrangements. The first duplication 

in an LQTS-definite but sequencing-negative patient was found in KCNH2 in 2006 and the first 

deletions in KCNQ1 and KCNH2 in 2008 in New Zealand.382 Deletions and duplications have 

subsequently been found in other cohorts.383,384  

 

Potassium and sodium channel variants causing a change in the protein sequence have been found 

in healthy individuals as well as in patients with LQTS, with a mutation detection rate in normal 

subjects of approximately 5%.158,385 The majority of these variants must be harmless, highlighting 

the care that must be taken in treating variants as pathogenic mutations and the need for clinical 

context.  

 

In vitro testing using cell expression systems to measure voltage across cell membranes is one way 

of determining the pathogenicity of mutations, though is time consuming so <20% of published 

LQTS-causing mutations have been characterised in this way.386 One study examining the 

properties of such mutations compared variants found in KCNQ1, KCNH2 and SCN5A in 388 

clinically definite LQTS cases with those in 2,000 healthy controls and calculated estimated 

predictive values (the likelihood of pathogenicity) for the variants detected in the cases.386  Radical 

mutations (nonsense, frameshift, and splice-site) have estimated predictive values of nearly 100%, 

but for missense mutations the estimated predictive value is affected by the location in the protein, 

with those localised to the ion channel pore or transmembrane-spanning domains predicted to be 

the most pathogenic. Many in silico tools have been developed to aid interpretation of genetic 

results, including those based on sequence conservation across species (SIFT), chemical 

properties of the amino acids (the Grantham score), or a range of inputs (PolyPhen 2) .  
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1.7.2 Clinical genetic testing for hypertrophic cardiomyopathy 

To date, 23 genes have been linked to HCM (though only 11 confirmed with linkage analysis), and 

clinical genetic testing is increasingly common for patients with this condition. This enables family 

genetic screening and potentially genotype-guided risk stratification and therapies in the future. 

 

In the largest cohort of patients with HCM tested thus far, of 1,053 unrelated patients, 34% of the 

patients had a pathogenic mutation present in one of the nine tested genes.387 MYBPC3 was the 

gene most likely to contain a mutation (51% of those who were genotype positive), followed by 

MYH7 with 36%. Sixty nine percent of mutations were missense, and five percent of gene positive 

patients had more than one pathogenic variant present. Compared with those without an HCM-

associated mutation detected, gene positive patients were younger at diagnosis with more 

hypertrophy and were more likely to have a family history of HCM and SCD. 

 

Similar issues arise during the evaluation of newly-detected variants for pathogenicity in patients 

with HCM as for LQTS-associated variants.   

1.7.3 Molecular autopsy for sudden unexpected death 

Genetic testing is playing an increasing role in determining the causes of autopsy-negative sudden 

death, sometimes described as molecular autopsy. These cases are sometimes referred to as 

sudden arrhythmic death syndrome or sudden unexplained death in the young. Structural causes of 

SCD are likely to be identified during an autopsy, whereas arrhythmic causes including LQTS, 

Brugada syndrome, and CPVT are not. These can be revealed through genetic screening of the 

deceased following the collection of a blood or tissue sample taken at autopsy, and also through 

cardiac and genetic screening of first degree relatives of the deceased.388 Often clinical screening of 

at-risk relatives of the deceased can be completed before genetic test results are available, this can 

also aid with interpretation of the genetic results and dealing with variants of unknown 

significance.389 

 

Sudden infant death syndrome describes sudden unexpected death affecting those less than one 

year of age where there is no identifiable cause of death. The mechanisms for this are still poorly 

understood, with risk factors including infection, sleeping conditions, and low birth weight. An 

estimated 10% of sudden infant death syndrome cases are due to mutations in the channelopathy 

genes causing LQTS, Brugada syndrome and CPVT.390,391 

 

An autopsy-review based examination of the causes of sudden unexplained death in the young (in 

those ≤35 years of age) in Australia over a nine year period found that cause of death was 

unascertained in 31% cases of SCD; primary arrhythmic disorders were presumed to be a major 

factor in these cases.392 Post-mortem testing for LQTS in 33 victims of sudden unexplained death 

(between the ages of 1-40 years) in New Zealand identified mutations in five cases (15%), with a 

diagnosis being obtained in a further five cases via cardiac screening of surviving family 
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members.393 Other molecular autopsy studies testing for inherited cardiac disease have identified a 

potential cause of death in up to 35% of cases, including in nearly 30% of unexplained drowning 

victims in one series. 388,394-397 Population-based screening of the families of SCD victims tends to 

have a lower yield than specialist referral centres with prior selection of SCD cases.398  

 

The implications from a positive genetic result following sudden death include providing some 

closure for families, as well as providing a tool for the screening and treatment of other at risk family 

members. The need for careful management of these processes has seen them take place in 

dedicated multidisciplinary cardiac genetics clinics with counseling incorporated.389  

 

Similar investigations must be undertaken in survivors of cardiac arrest, for both patients and at-risk 

family members. The key difference with living patients is the ability to perform cardiac tests and 

pharmacological challenges on the affected individual, such as exercise testing, echocardiography 

and the ajmaline challenge (for diagnosis of Brugada syndrome). This results in a higher diagnostic 

rate than in victims of sudden death.399 

1.7.4 The Cardiac Inherited Disease Group 

The Cardiac Inherited Disease Group (CIDG), established in 2003, is a New Zealand wide 

multidisciplinary group whose main aim is to prevent SCD due to inherited heart conditions in the 

young. The group consists of cardiologists and electrophysiologists, molecular and clinical 

geneticists, research scientists, registry coordinators and genetic counsellors. 

 

The Cardiac Inherited Disease Group runs a national cardiac inherited disease registry seeking to 

facilitate clinical and genetic screening of families with inherited heart disease or a history of sudden 

unexplained death in the young. The registry has a online database which is hosted by the 

Auckland District Health Board and used for clinical care and follow-up. The database contains 

basic patient information, family pedigrees, ECGs and other clinical tests, and genetic test results. 

Although primarily a clinical tool, the registry also provides a vast resource for research as each 

individual enters the registry following written informed consent. This includes sudden death victims 

through next of kin consent, or consent through the coronial services.  

 

This group was the first to perform genetic testing for LQTS in Australasia, at the University of 

Auckland in 2001, moving to a diagnostic clinical service at LabPLUS at Auckland City Hospital in 

2005, and has pioneered research and clinical implementation of investigations of sudden 

unexplained death in the young.393,400-402 
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1.8 Conclusions 

Sudden cardiac death continues to be a major public health challenge in the context of both 

inherited and acquired cardiovascular disease. Understanding of the role of genetics in the risk of 

SCD has increased with mutations identified in many genes that confer a predisposition to SCD, 

though there are still many patients with inherited disease with no known genetic cause. Questions 

also remain about the causes of variable penetrance and expressivity which affect the ability of 

clinicians to predict an affected individual’s risk of SCD. In acquired cardiovascular disease, 

progress to reveal the genetic causes has been slower due to its polygenic nature and strong 

environmental influences, though several markers of arrhythmia risk have been identified in cohorts 

with coronary artery disease.  

 

Current clinical applications of genetic data in cardiovascular medicine include risk stratification, 

understanding disease causation and progression, and as new gene functions and regulatory 

regions are uncovered, identifying new disease pathways and potential drug targets. A multitude of 

SNPs have been identified that modify the risk of SCD, cardiac arrest, and cardiac repolarisation in 

the general population and amongst cohorts with inherited and acquired cardiovascular disease. 

However, improvements in risk stratification for SCD can still be made across all types of 

cardiovascular disease. 

 

Many published associations between SNPs and arrhythmia risk or ECG parameters have not been 

validated or tested in cohorts with diseases already conferring a predisposition to SCD. The effects 

of these SNPs in cohorts comprised of patients with different types of cardiovascular disease may 

vary widely, which is important if they are to be used in risk stratification to identify those at highest 

risk of SCD. These issues will be addressed in the research studies that follow (Chapters 3-6). 
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2.1 Introduction 

Each of the following chapters contains a detailed methods section describing the specific aims, 

methods, and statistical analysis for each study. This chapter provides an overview of the study 

populations and methods for broader context, and specific detail where that could not be 

incorporated into the published manuscript formats. 

2.2 Patient cohorts and clinical data 

Recruitment and selection of the patient cohorts, clinical data, and methods of data collection for the 

studies included in this thesis are described below. 

2.2.1 New Zealand Cardiac Inherited Diseases Registry 

The study cohorts in Chapters 3-5 contain patients from the New Zealand Cardiac Inherited 

Diseases Registry (introduced in section 1.7.4); Chapters 3 and 4 include patients with LQTS and 

Chapter 5 patients with HCM. 

 

Living patients with suspected or confirmed inherited heart disease are referred to the CIDG by their 

clinician and invited to give consent to enter the registry. The registry includes patients referred from 

throughout New Zealand, and part-time coordinators are employed in Wellington, Hamilton, and 

Auckland to facilitate this service. The point in the clinical pathway where a referral is made differs 

depending on the locality in New Zealand, although often occurs when clinical genetic screening is 

offered. People who have died of sudden unexplained death are referred to the service by 

pathologists or the coroner when a DNA sample has been collected at autopsy, a process now 

integrated into the New Zealand Coronial Services. As part of consent to the registry, patients also 

consent to the use of their medical information for research purposes. Patient DNA samples are 

stored at the medical laboratory at Auckland City Hospital (LabPLUS) and can be used for research 

into the relevant cardiac condition. 

 

Clinical data collected through the registry is stored on a secure online database. This includes 

demographics, family trees, ECGs and other diagnostic tests (including genetic test results), clinical 

events, and if a patient has died, pathology reports. Although this is primarily used as a clinical tool, 

data queries for research purposes can also be generated.  

 

The study in Chapter 3 examined the detected prevalence of LQTS in the northern region of New 

Zealand. Identified patients were defined as “definitely” or “probably” affected with LQTS; the 

specific definitions are based on QTc length, symptoms and genetic status and are described in the 

manuscript.  

 

For the study in Chapter 4 investigating the role of SNPs as disease modifiers in patients with 

LQTS, only patients with mutations in the genes KCNQ1, KCNH2, or SCN5A were included (LQT1, 
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LQT2, and LQT3 respectively). Clinical events were defined as SCD/resuscitated SCD (RSCD, 

requiring resuscitation by cardiopulmonary resuscitation or external defibrillation), and “any cardiac 

event” (SCD/RSCD plus arrhythmic syncope). 

 

Complete clinical data for most patients included in the three studies reported here were not 

available on the database at the start of this candidature, so much of the required clinical data were 

sourced from paper patient files. However, these were also incomplete, requiring the candidate to 

extensively search medical records databases to source some ECGs, medical histories, and 

medications. QT interval measurements were required for these studies. For Chapter 3, required 

measurements were carried out by the candidate, with all measurements confirmed by Associate 

Professor Jon Skinner (Paediatric Electrophysiologist, Starship Childrens Hospital).  All ECG 

measurements for Chapters 4 and 5 were carried out by Associate Professor Skinner. QT intervals 

in leads II and V5 were measured using the “tangent” technique, with the longest taken as 

representative.403 The Bazett formula (QTc=QT/√RR) was used to correct for heart rate. 

 

The Cardiac Inherited Diseases Registry has an ethics approval from the New Zealand Northern A 

Regional Ethics Committee (approval number AKX/02/00/107) and the Multi-region Ethics 

Committee (approval number AKL/2001/121). Appendix A contains the most recent approval letter. 

2.2.2 Hypertrophic cardiomyopathy cohort 

The patients included in the study presented in Chapter 5 were those with clinically diagnosed HCM 

from the New Zealand Cardiac Inherited Diseases Registry and patients involved in research at the  

Centenary Institute, Sydney, Australia.  

 

The diagnosis of HCM for all patients was based on the presence of a non-dilated and 

hypertrophied left ventricle (maximum LV wall thickness ≥15 mm), in the absence of other loading 

conditions such as hypertension or aortic stenosis.209 All patients were unrelated probands, and the 

availability of echocardiographic (ultrasound) data, an ECG and a DNA sample were inclusion 

criteria for the study. Echocardiography was performed over a variety of hospitals as part of clinical 

care; collected data included maximum LV wall thickness, presence of LV outflow tract obstruction, 

and LVEF (where available). The occurrence of SCD or cardiac arrest events (including appropriate 

ICD discharge) were captured in registry and hospital databases as part of routine clinical follow-up. 

 

The clinical data and ECGs for the patients from Australia were provided by the Centenary Institute, 

though all QT interval measurements were performed by Associate Professor Skinner to ensure 

consistency with the ECGs from New Zealand patients. Ethics approval was granted by the Sydney 

Local Health Network Human Research Ethics Committee (protocol No X11-0065 and 

HREC/11/RPAH/76, see Appendix A). 
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2.2.3 The Coronary Disease Cohort Study 

The study in Chapter 6 includes patients from the Coronary Disease Cohort Study (CDCS). This is 

a prospective study aiming to define the relationships of circulating biomarkers, cardiac imaging and 

genotype to long term clinical outcomes in patients following admission for an acute coronary 

syndrome in New Zealand. The CDCS includes patients admitted to either Christchurch Hospital or 

Auckland City Hospital between July 2002 and February 2009, with ischaemic chest discomfort, 

plus one or more the following criteria: ECG changes (ST-segment depression or elevation of ≥0.5 

mm, T-wave inversion of ≥3 mm in ≥3 leads, or left bundle branch block), elevated levels of cardiac 

markers, a history of coronary disease, age of ≥65 years, and a history of diabetes or vascular 

disease.404 Patients must have survived the index admission to be eligible for the study. Patients 

willing to consent for the study were invited to attend outpatient follow-up assessments at one 

month, four months, and 12 months after their index admission, then sent questionnaires at one and 

two years. 

 

Comprehensive clinical, echocardiographic and neurohormonal data were collected in the CDCS; 

the relevant data used in this thesis is described below. From the index admission, up to three 

ECGs were available for each patient (first, worst, and last), along with admission and discharge 

medications, medical history, and data from inpatient physical examinations and observations. 

Ethnicity was self-reported. At the outpatient assessments, one month and twelve months after the 

index admission, ECGs and echocardiography were performed and plasma samples for 

neurohormonal analysis were collected. Plasma samples were assayed for N-terminal pro-B-type 

natriuretic peptide using radio-immunoassays.405  Echocardiography was performed according to a 

standardised protocol at Christchurch Hospital using a GE Vivid 3 (GE Healthcare, Horton, Norway) 

and at the University of Auckland using either an ATL-HDI-5000 or Philips-IE33 (Philips, Bothell, 

United States). Simpson’s biplane method was used for the measurement of LV end-diastolic and 

end-systolic volumes (which were then indexed to body surface area), and LV ejection fraction was 

derived.  

 

The SNPs of interest were tested for association with two outcomes: prolonged repolarisation, and 

SCD/cardiac arrest; these are defined below. Phillips Hewlett Packard Pagewriter 100 machines 

were used to record all ECGs, then data were classified according to the presence or absence of 

“prolonged repolarisation”. This was defined as a QTc interval >440ms. Because the QRS duration 

can account for about 16% of total variation in QTc length,406 if the QRS duration was >120ms, the 

corrected JT interval was used instead (this is the QT interval - QRS duration).176 The JT interval 

was corrected for heart rate using the formula JTRR =JT – 155 x (60/HR - 1) + k (k = 34ms men, 

22ms women), with a JTc interval >350ms defined as prolonged.407 The QT interval was measured 

manually from 2002-2009 (after which time an automated reading was used), and corrected for 

heart rate using the Bazett formula (QTc=QT/√RR). 
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At the conclusion of the study, hospital admission data were extracted from the Ministry of Health 

New Zealand Health Information Service, which holds records for all hospital admissions in New 

Zealand (classified based on International Classification of Diseases codes). A subset of this extract 

was used for the analyses in this thesis; the specific International Classification of Diseases codes 

that were used to comprise the second outcome of SCD/cardiac arrest are listed in (Table 2-1). 
 

Table 2-1 International Classification of Diseases codes comprising the outcome 
SCD/cardiac arrest in the CDCS 

Code Description 
I460 Cardiac arrest with successful resuscitation 
I461 Sudden cardiac death 
I469 Cardiac arrest, unspecified 
I490 Ventricular fibrillation and flutter 

 

 

Additionally, as many deaths occurred outside of hospital, every death in this study was adjudicated 

by a cardiologist to be either cardiac-sudden, cardiac-non-sudden, cardiac-unknown, or non-

cardiac, using the standard definition of SCD described in Chapter 1. The CDCS was approved by 

the Multi-region Ethics Committee (approval number CTY/02/02/018, most recent letter in Appendix 

A) and all patients provided written informed consent.  

2.3 Single nucleotide polymorphism selection 

For each study, a panel of SNPs was selected for genotyping based on a literature review relevant 

to each cohort.  Broadly this included variants with previously reported associations with QT interval 

length or other ECG parameters such as the QRS duration or heart rate, those associated with the 

risk of SCD or cardiac arrest in population cohorts or cohorts with coronary artery disease, and 

those seen as potential modifiers of disease severity for inherited cardiac diseases. Some SNPs 

were selected as confirmatory analyses; others were applied in a different setting. For example, a 

SNP previously associated with the QT interval in the general population was tested for association 

with the risk of SCD in patients surviving an acute coronary syndrome. All SNPs considered for 

inclusion across the three studies in Chapters 4-6 are listed in (Table 2-2). 

 

The Sequenom MassArray genotyping used for the analyses in this thesis allows pooled assays of 

up to 36 SNPs in multiplex (in a single well). Due to resource constraints one multiplex well per 

patient sample was the maximum used, meaning up to 36 SNPs could be selected per study. 

Following selection for potential inclusion, the minor allele frequency for each SNP was checked in 

the Caucasian reference populations of Hapmap (http://hapmap.ncbi.nlm.nih.gov/) and 1000 

Genomes (http://www.ensembl.org/index.html) to ensure it was a true SNP with a minor allele 

frequency >0.01. 
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When multiple SNPs were selected from one gene (for the studies in Chapter 5 and 6), Haploview 

4.2 software was used to check the linkage disequilibrium (the non-random association of two 

alleles) between the SNPs to ensure they were in different linkage blocks. Selected SNPs had r2 

values of <0.6 (an r2 of 1 is considered to indicate complete disequilibrium, meaning these alleles 

are in close proximity on the chromosome and would usually be inherited together). 
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Table 2-2 All SNPs considered for inclusion in genetic association analyses  

 

continued following page  

Closest gene SNP Reported effect(s) of minor allele 

4q25, 
upstream of 
PITX2 

rs2200733359 Increases risk of SCD and atrial fibrillation 

9p21, non-
coding near 
CDKN2A and 
CDKN2B 

rs10757274352 
rs2383207408 

Increases risk of SCD 
Increases risk of MI 

ACE  

rs4646994409 
rs1799752409 
rs4340409 
rs13447447409 

 
Increases risk MI and SCD 
 
 

ADRA2C rs6176707293 Affects baroreflex sensitivity in LQTS patients 

ADRB1 rs180125392 
rs180125292 

Homozygotes have increased symptoms in LQTS 
patients  

ADRB2 rs1042714349 Increases risk of SCD  

AGTR1 rs2639365293 
rs1492099350 

Increases risk of cardiac arrest in patients with CAD  
Decreases risk of cardiac arrest 

ATP1B1 rs10919071361,362 Shortens QT interval 

BAZ2B rs4665058351 Increases risk of SCD 

C14orf64 rs876188410 Increases risk of death after cardiac arrest  

CACNA1C rs7132154293 Increases risk of cardiac arrest in patients with CAD 

CASQ2 

rs4074536411 
rs7366407292  
rs17500488292 
rs3010396292 

Association with QT unpublished 
Increases risk of SCD 
Increases risk of SCD 
Increases risk of SCD 

CAV1 rs3807989369 Lengthens PR interval 

CDKN1A rs9470361373 Lengthens QRS duration 

CSMD2 rs1325258293 Increases risk of cardiac arrest in patients with CAD 

CXADR rs2824292294 Increases risk  of cardiac arrest in the setting of acute MI 

DEGS2 rs7157599293 Modifies risk of cardiac arrest in patients with CAD 

GJA1 rs9398652374 Shorter R-R interval 

GPC5 rs3864180296 Decreases risk of cardiac arrest 
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Table 2-2 continued 
 

 

continued following page 
  

Closest gene SNP Reported effect(s) of minor allele 

IGFBP3  rs2132570412 Lengthens QRS duration 

KCNE1 rs180512896-

98,361,413,414 
Alters QT interval length; possible mutation as well as 
polymorphism 

KCNE2 rs2234916415 Predisposes to arrhythmia in presence of antibiotics 

KCNE5 rs697829416 Lengthens QT interval post-MI 

KCNH2 
 
 
 

rs180512386, 92, 93, 393, 

398-401 
 
rs3815459412,417,418 
rs4725982412,417,418 
rs2968863361,362 

Modifies risk of cardiac arrest post-MI; Alters QT interval 
length 
 
Lengthens QT interval 
Lengthens QT interval 
Shortens QT interval 

KCNJ2 
 

rs17779747361,362,419 
 
rs7219669420 

Increases risk of cardiac arrest after MI; Shortens QT 
interval 
T-peak to T-end interval 

KCNQ1 

 
rs251918487 
rs823487 
rs1079887 
 
rs2283222353 
rs207423899 
rs12271931412 
rs12576239361 
rs12296050362 
 

Disease modifier in LQTS patients 
 
 
Decreases risk of SCD 
Disease modifier in LQTS patients 
Shortens QT interval 
Shortens QT interval 
Lengthens QT interval 
 

LITAF rs735951362 
rs8049607361 

Lengthens QT interval 
Lengthens QT interval 

MEIS1 rs11897119369,419 Increases risk of cardiac arrest after MI; Lengthens PR 
interval 

NDRG4; 
GINS3 

rs37062361 
rs7188697362 

Shortens QT interval 
Lengthens QT interval 

NOS3 rs17173656293 Increases risk of cardiac arrest in patients with CAD 
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Table 2-2 continued 

 
SCD = sudden cardiac death; MI = myocardial infraction; CAD = coronary artery disease; LQTS = long QT syndrome; 
HF = heart failure

Closest gene SNP Reported effect(s) of minor allele 

NOS1AP 
 
 
 

rs12143842361,362,421  
rs10494366334,360 
rs10918594422 
rs1684754890,91,356,423 
rs16856785356,423 
rs465713990,91,356,413,423 
rs12567209356,357,423 
rs10918859292,424 
rs12029454425 
rs12567211426 
rs12029454425 
rs2880058413 

Effects of NOS1AP SNPs: Lengthen QT interval; 
Increase risk of SCD; Modify disease in LQTS patients.  

NRG1 rs10503929355 Increases risk of SCD  

PLN 
 

rs11153730361,362 
rs11756440361,362 
rs11970286362  

Lengthens QT interval 
Lengthens QT interval 
Lengthens QT interval 

RAB3GAP1 rs6730157299 Increases risk of SCD 

RFFL/LIG3 rs2074518361,362 Shortens QT interval 

RNF207 rs846111337, 338 Lengthens QT interval 

SCN10A rs6795970334,419,427 
rs6801975373 

Lengthens PR interval and QRS duration 
Prolonged cardiac conduction 

SCN5A 

rs12053903361,362 
rs1805124156,417  
rs11720524353 
rs41261344428-430 
rs41312391359 
rs7372712412 
rs11129795362 

Shortens QT interval 
Lengthens QT interval, genetic modifier in LQTS  
Increases risk of SCD  
Genetic modifier; possible mutation 
Increases risk of SCD  
Lengthens PR interval 
Lengthens QT interval 

SUCLA2 rs2478333363 Lengthens QT interval 

TBX5 rs3825214334 Lengthens QT interval 

TGFBR2 rs9838682300 Increases risk of cardiac arrest in patients with CAD 

UNC5C rs17024266431 Increases risk of ventricular arrhythmias in HF patients  

ZNF365 rs2077316299 Increases risk of SCD 
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2.4 Sample preparation  

The blood collection and DNA extraction occurred at several sites for the studies contained in the 

following chapters. The process for each cohort is described below. 

2.4.1 Long QT syndrome patient cohort 

Patient samples used for the study were originally collected for clinical genetic screening. Genomic 

DNA was extracted from whole blood samples by laboratory staff at LabPLUS (Auckland City 

Hospital, Auckland, New Zealand) using the Gentra Puregene DNA Extraction kit according to the 

manufacturer’s instructions (Qiagen Pty Ltd, Dusseldorf, Germany), and stored at -80°C at a 

concentration of 500ng/µL. 

 

Aliquots from these stocks were subsequently taken by the candidate and prepared for SNP 

genotyping by diluting to a concentration of 10ng/µL in purified water. 

2.4.2 Hypertrophic cardiomyopathy patient cohort 

For patients from New Zealand, blood samples were originally collected for clinical genetic 

screening and processed through LabPLUS as per the LQTS samples above, with DNA stocks 

subsequently obtained and diluted by the candidate to a concentration of 10ng/µL in purified water 

for genotyping. 

 

For patients from Australia, blood was collected for research purposes and DNA was extracted 

using the Qiagen QIAamp DNA Mini Kit by laboratory staff at the Molecular Cardiology laboratory at 

the Centenary Institute, Sydney. Samples were diluted to a concentration of 10ng/µL in purified 

water prior to shipment to New Zealand. 

2.4.3 The Coronary Disease Cohort Study 

Genomic DNA was extracted from whole blood samples by staff at the Molecular Endocrinology 

Laboratory, Christchurch Heart Institute, Department of Medicine, University of Otago, Christchurch, 

New Zealand. Extraction was by the method of Ciulla et al (1998),432 or a rapid alkaline lysis 

method. For the first method, 5mL whole blood was mixed with 45mL of a solution with 0.32M 

sucrose, 10mM TrisHcl (pH7.5), 5mM MgCl2, and 1% Triton X100 to lyse all cells. This solution was 

spun at 1000g for 10 minutes. The pellet was dissolved in 5mL of 4M guanidine isothiocyanate, 

25mM sodium acetate, and 0.84% β-mercaptoethanol, by gentle rocking for 20 minutes. The DNA 

was precipitated with 1 volume of isopropanol at room temperature then pelleted by centrifuging at 

1000g for 25 minutes. The pellet was washed with 70% ethanol and dissolved in 200µL of TE buffer 

(10mM Tris-HCl, 1mM EDTA, pH 8.0). 

 

For the second method (rapid alkaline lysis), 480µL of fresh or thawed whole blood was added to 

900µL of 0.17M NH4Cl, mixed on a rotary mixer for 25 minutes, and spun for 30 seconds at 
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13,000rpm in a microfuge to sediment the white blood cells. The white blood cells were washed in 

two changes of 500µL of 10mM NaCl, 10mM EDTA pH 8.0, before resuspending in 400µL of 50mM 

NaOH with thorough vortexing and incubating at 95°C for 20 min. The extracted DNA solution was 

neutralised with 100µL of 1M Tris pH 7.5 and stored at -20°C at the Molecular Biology Laboratory of 

the Christchurch Heart Institute (led by Professor Vicky Cameron, University of Otago, 

Christchurch). 

 

Aliquots of these stocks were subsequently collected from Christchurch by the candidate and 

prepared for SNP genotyping by measurement of the DNA concentration with a NanoDrop 

spectrophotometer, then diluted to a concentration of 10ng/µL in purified water. 

2.5 Sequenom genotyping 

Genotyping for all studies in this thesis was carried out by staff at the Liggins Institute (University of 

Auckland, New Zealand) in multiplex using Sequenom MassARRAY iPLEX assays (Sequenom Inc, 

San Diego, USA), which uses mass spectrometry to resolve allele-specific single base extensions 

(MALDI-TOF).433 Up to 36 SNPs can be genotyped in each well per patient sample. 

 

Briefly, a locus-specific PCR reaction is followed by a locus-specific primer-extension reaction (the 

iPLEX assay). During the iPLEX assay, an oligonucleotide primer anneals upstream of the possible 

SNP site, along with mass-modified dideoxynucleotide terminators, and the primer extension is a 

single mass-modified base. MALDI-TOF spectrometry is then used to determine the mass of the 

extended primer, indicating the sequence.433 Sequenom software translates these readings into a 

genotype for each reaction. Genotype data was delivered to the candidate in a spreadsheet format. 

2.6 Primer sequences  

Primers for all SNP analyses were designed using the online mySequenom assay designer suite 

software (https://www.mysequenom.com). This software acts as an interface with online databases 

of genetic information, and for primer design requires the input of the SNP identifiers and the 

number of SNPs to be analysed in each well. When searching for possible primer binding sites, the 

software tries to avoid other SNP sites proximal to the SNP of interest. If this is unavoidable, the 

user can manually override the software and place a deliberate base mismatch (so the primer will 

anneal, but with reduced efficiency). 

 

Some SNPs selected for genotyping in the included studies could not be incorporated into the 

assay designs. This design failure can occur at the primer design stage if primers are likely to 

anneal to each other or themselves rather than the target sequence (known as primer dimers and 

primer hairpins), incompatibility due to repeated sequences around the SNP of interest, or inability 

to make the physical size of the primer different enough to the others (mass differences are 

required to distinguish between different alleles).  

 

https://www.mysequenom.com/
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Primers were designed by staff from the Liggins Institute with assistance from the candidate, and 

the primer sequences are available in Appendix B.   

2.7 Statistical analysis 

The majority of the statistical analyses contained in this thesis were carried out using the R 

program.434 The candidate undertook training in using the R program under the mentorship of Dr 

Katrina Poppe (Senior Research Fellow (Medicine and Statistics), Cardiovascular Research Group, 

Department of Medicine, University of Auckland). The candidate undertook the course “R for Large 

Data and Bioinformatics” (University of Auckland, Department of Statistics, November 2013), and 

continued to develop statistical expertise as the three year PhD period progressed. Statistical 

methodologies for each set of analyses were prospectively discussed with a broader group 

including statisticians and clinical academics. 

 

The statistical analysis for Chapter 4 was carried out by Dr Dug-Yeo Han (Statistician, Department 

of Nutrition, University of Auckland) with assistance from the candidate and Dr Anna Pilbrow (Senior 

Research Fellow, Christchurch Heart Institute, University of Otago, Christchurch). The candidate 

performed the statistical analyses for Chapters 5 and 6 under Dr Poppe’s supervision. 

 

The specific statistical analysis for each chapter of this thesis is described within the methods 

section of the chapter. However, some broad principles related to the data used in these analyses 

are discussed below. 

2.7.1 Correction for multiple comparisons 

When multiple statistical tests are undertaken there is a risk of inflating the type 1 error, which is a 

false positive result where the null hypothesis of no association is incorrectly rejected. In early 

genetic association studies, the lack of replication for many results was attributed to the lack of 

accounting for multiple testing. With the advent of GWAS and other genome-wide studies and the 

resultant very large number of statistical tests, it became necessary to apply appropriate statistical 

methods to these problems.435 

 

The probability of having a false positive result when performing multiple tests is known as the 

familywise error rate (FWER). Traditional methods to account for multiple testing attempted to 

control for the FWER, with the most commonly used method for independent tests being the 

Bonferroni correction. With this method, the significance level (for example p<0.05) is divided by the 

number of tests. So if 30 SNPs were being tested for association with an outcome, the required 

threshold for statistical significance would be p<0.0017. In GWAS of Caucasian cohorts, a p value 

significance threshold of 5 x 10-8 has been widely adopted, regardless of the number of SNPs 

examined.435 The Bonferroni correction method is conservative, particularly for testing multiple 

SNPs in a single gene which are likely to be correlated due to linkage disequilibrium (the non-

random association of two alleles).436 
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More recently, other less conservative methods have been developed. The false discovery rate 

(FDR) is now a commonly used approach for correcting for multiple testing in genetic association 

studies. In contrast to the Bonferroni correction, which controls the probability of any false positives, 

the FDR controls the expected proportion of false positives. This increases power but may also 

increase type 1 error.437 Calculating the FDR gives a measure of statistical significance called the q 

value for each test, which is an adjusted p value. To obtain the q value, the p values are sorted in 

ascending order, and then each is divided by its rank percentile (meaning smaller p values will 

result in smaller q values). The q value describes the proportion of potentially false positive tests 

among all significant results; this is in contrast to the false positive rate among all tests which is 

represented by the p value.437  

 

In a SNP association study, a FDR significance threshold of 10% (or a q value threshold of 0.10) 

means that for all SNPs called as significant, 10% of these may be truly null, or “false leads”. 

Features with significant q values can be identified as being worthy of further investigation. Though 

no standard q value threshold exists for genetic association studies, candidate gene studies may 

use a less stringent threshold than GWAS because of the prior informed selection of SNPs.438 The 

advantages of using the FDR over FWER such as the Bonferroni correction are more pronounced 

with larger numbers of tests though this method works reliably in smaller studies also.439 

2.7.2 The Hardy-Weinberg equilibrium 

The Hardy-Weinberg principle describes the relationship between the allele frequency and the 

genotype distribution, and states that allele and genotype frequencies will remain constant in an 

idealised population over several generations.436 This principle includes several assumptions 

including a large population with no mutation, selection, or migration, and with mating occurring at 

random. The principle is illustrated mathematically with the equation p2 + 2pq + q2 = 1, where p and 

q represent the frequency of each allele, and p + q = 1. 

 

When a population meets the above conditions, it is said to be in Hardy-Weinberg equilibrium 

(HWE). Deviation from this can occur because of selective pressure, population admixture, 

inbreeding, genotyping errors, and/or the presence of related individuals in a study. Human 

populations do not strictly meet all the conditions of the HWE, so the amount of deviation is 

measured by a statistical test (often a chi-squared test) with a specified significance level (often 

p<0.001 or p<0.0001).343  

 

Testing for HWE is often used as a quality control measure in genetic association studies, as 

selective drop-out of a particular allele during genotyping can cause deviation from HWE.  

2.7.3 Models of inheritance in genetic association studies 

During the statistical analysis for genetic association studies, several different models of inheritance 

can be used to specify the relationship of the different genotypes to each other and to the outcome 
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of interest.436 These include: 1) the additive model, where the number of risk alleles of a single SNP 

are coded 0/1/2 and heterozygotes have an intermediate effect to homozygotes; 2) the dominant 

model where those homozygous for the risk allele have the same risk as heterozygotes; 3) the 

recessive model, where two copies of the risk allele are required to exert an effect, and 

heterozygotes are at the same risk as those without the risk allele; 4) the genotypic or general 

model, where all three possible genotypes for a single SNP are tested against outcome with no 

assumed model prior to analysis; 5) the co-dominant model, where the risk of the heterozygote lies 

between either homozygote but not specifically exactly mid-way between as per the additive model; 

6) the multiplicative (or log additive) model, where the number of risk alleles in cases and controls 

are analysed instead of genotypes and if the risk allele increased risk by k in the heterozygote, the 

homozygote’s risk would increase by k2. 

 

There is no generally accepted answer to which model of inheritance should be used for genetic 

association analyses.343 Currently the additive model is used more commonly, and generally 

additive models have reasonable power to detect both additive and dominant effects.436 Some 

studies test more than one model of inheritance for the same outcome within one study; if this 

method is employed then a correction should be carried out for the multiple comparisons made. 

Additive, dominant and genotypic models were utilised at various points for the analyses in this 

thesis; the specific details are described in the methods section of each chapter. 

2.7.4 Population stratification 

Population stratification occurs when allele frequencies differ between sub-populations due to 

ancestry (for example different ethnicities).440 This can lead to false associations (or the obscuring 

of true associations) in genetic studies when alleles are over-represented in cases or controls due 

to this ancestry, and so wrongly appear to be causal for a disease or an outcome.441 

 

There are methods to reduce this potential confounding that rely on genotyping neutral SNP 

markers across the genome to indicate the diversity of the population being studied, including 

genomic control, principal components analysis, and variance component models.343,442 These 

methods will not be covered in detail because to avoid this potential confounding the analyses in 

this thesis were stratified by ethnicity to ensure a more homogenous population. Stratifying 

analyses by ethnic group (or restricting to a single ethnic group) introduces the limitation that results 

cannot necessarily be applied to other ethnic groups. 

2.7.5 Data considerations 

The New Zealand Cardiac Inherited Diseases Registry 

Patient registries are an important source of clinical data, particularly for rare diseases and inherited 

conditions. Registry-based data, by providing data on aspects of clinical care, can provide an 

opportunity for quality improvement as well as for research into patient outcomes. To be included in 

the Cardiac Inherited Diseases Registry, patients must have either presented with disease (for 
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probands), or have been registered as a result of family screening. This must be kept in mind when 

analysing registry data because of the inherent selection bias towards those with more severe 

disease (and their families), also known as symptom-based sampling.  

 

In this thesis, the first use of registry data involves estimation of the detected prevalence of LQTS. 

The selection bias could lead to underestimation of the prevalence, as probands with subclinical 

disease are less likely to be identified. However, the purpose of the prevalence analysis in this 

thesis was to ascertain the prevalence being detected by the registry despite this bias, rather than 

the true prevalence of this disease in the population. 

 

The other major use of the CIDG registry data in this thesis involves testing for associations 

between a range of SNPs and different outcomes. The selection bias towards patients with more 

severe disease could cause the associations between SNPs and outcomes to be overestimated 

compared to a sample of the general population - the presence of more patients in the registry with 

risk alleles for the SNP of interest but with less severe or no symptoms could dilute the potential 

effects. 

 

  



 

 66 

 

 

 

 

 

 

 

 

 

 

 

 

 COMMUNITY DETECTION OF Chapter 3.
LONG QT SYNDROME WITH A CLINICAL 
REGISTRY: AN ALTERNATIVE TO ECG 
SCREENING PROGRAMS 
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3.1 Preface 

The best method for early detection of inherited cardiac diseases to prevent SCD is the subject of 

much debate. Much of the discussion concerns cost-effectiveness, accuracy, and the clinical and 

psychological impacts of a false-positive diagnosis, and is fuelled by a lack of evidence both for and 

against the implementation of such programs.443 Early detection of individuals with LQTS represents 

one of these major areas of controversy, in particular the issue of ECG screening of infants. For 

example, while the results of a large infant ECG screening program in Italy have been published 

and widely cited,44 published data on alternative methods for LQTS detection are scarce (other than 

descriptions of cascade family screening following SCD).444 The New Zealand CIDG registry has 

been enrolling patients with LQTS since 2003, and this has been the basis for LQTS detection in 

New Zealand.  

 

The aims of the research presented in this chapter were: 

 To describe the purpose and operations of the New Zealand Cardiac Inherited Diseases 

Registry. 

 To determine the prevalence of LQTS detected by this registry so we could assess whether 

such registries represent viable alternatives to ECG screening programs. 

 To characterise the LQTS patient cohort in the northern region of New Zealand (the five 

northernmost district health board areas). 

 To describe the challenges for the CIDG registry (and registry-based disease detection in 

general), and suggest areas for improvement. 

 

The following manuscript was published in 2013 in the journal Heart Rhythm, Volume 10 (2), Pages 

233-238.445 Heart Rhythm is the official journal of the Heart Rhythm Society and the Cardiac 

Electrophysiology Society and has an impact factor of 5.0 (2014). This article has been cited 21 

times since publication, and was published with an accompanying editorial (Appendix C).  

 
Contribution of candidate 

Nikki Earle was involved in the data collection (searching of medical records databases, ECG 

analysis and data entry) and in the data extraction process from the CIDG web database. She 

carried out the cleaning of the dataset, the statistical analyses, led the interpretation of the results 

and wrote the paper for publication. 
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3.2 Abstract 

Background:  Long QT syndrome (LQTS) prevalence is estimated at 4/10,000 based on 

community ECG screening, about which there is disagreement regarding efficacy, accuracy, cost-

effectiveness and practicality. Family studies of autosomal dominant conditions like LQTS have 

revealed 8-9 gene positive family members per proband. 

 

Objective: To evaluate a cardiac/genetic registry and family screening program as a tool to identify 

LQTS in the community. 

 

Methods: Possible LQTS probands were referred to the New Zealand Cardiac Inherited Disease 

service. The registry was first established in the northern region (population 2.03 million), including 

central Auckland (population 0.46 million). After clinical evaluation, genetic testing and family 

cascade screening were initiated.  Genotype positive individuals were classified as definite LQTS, 

others were classified as definite or probable LQTS by clinical and ECG criteria.   

 

Results: One hundred and twelve probands were identified (presentation: sudden death = 7, 

cardiac event = 82, ECG abnormality = 16, sudden death of a family member = 7).  Following 

cascade screening, 309 patients with LQTS were identified (248 definite and 61 probable). 220 had 

LQTS-causing mutations identified (120 [55%] LQT1, 78 [35%] LQT2, 19 [9%] LQT3, 1 0.5%] LQT 

5, 2 [1%] LQT7). Thus far an average of 2.1 definitely or probably affected family members have 

been identified per proband. The community detection rate is 1.5/10,000 for the whole region and 

2.2/10,000 in Auckland.  

 

Conclusions: A high level of community detection of LQTS is possible using a clinical registry. With 

adequate resourcing, this has the potential to be an effective alternative to community ECG 

screening. 
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3.3 Introduction 

Sudden unexpected death has a devastating effect on families and communities, particularly when 

it occurs in the young. Yet if presymptomatic individuals with an inherited risk can be identified in 

the community, life-saving interventions can be provided.446 One cause of sudden death in the 

young with a prevalence estimated at 4/10,000 is long QT syndrome, characterised by prolonged 

ventricular repolarisation and susceptibility to life-threatening arrhythmias.44 

 

For LQTS and other causes of sudden cardiac death (SCD) in the young, much discussion 

surrounds the value of electrocardiogram (ECG) screening of the general pediatric population or 

specific populations considered to be at a higher risk.120,443,447-449 The ECG however is neither 

sensitive nor specific, both of which are essential requirements of any clinical screening program.450 

Consequently, children are referred for further assessment that may be unwarranted, increasing the 

financial costs and anxiety associated with uncertain diagnoses.451 

 

An alternative approach is to identify probands and then exhaustively screen family members. With 

an autosomal dominant disease such as LQTS, half the targeted population would be affected 

individuals so the over-diagnosis from poor test specificity is reduced, particularly when supported 

by genetic testing. 

 

A consent-based clinical registry for LQTS patients has been in operation in the northern region of 

New Zealand since 2003 (with ethics committee approval). Since the establishment of the registry, 

there have been efforts to raise awareness of LQTS amongst clinicians and the public. The LQTS 

registry is part of a wider inherited heart disease registry run by the Cardiac Inherited Diseases 

Group (CIDG), a network of clinicians and scientists. This report addresses the question as to 

whether this LQTS registry (and thus others like it) can identify LQTS in the community at a high 

enough frequency that it might be a viable alternative to community ECG-based screening 

programs.  
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3.4 Methods 

New Zealand has a population of 4.43 million and a relatively large geographical area with a density 

of 16 people per square kilometer.452 The northern region (defined in this report as the five 

northernmost district health board areas Northland, Auckland, Waitemata, Counties-Manukau and 

Waikato), in which CIDG and the LQTS registry are based, comprises nearly half of New Zealand’s 

population (2.03 million) and includes the cities of Auckland and Hamilton.  

 

Since 2003, living probands suspected of having LQTS have been referred to CIDG by pediatric or 

cardiology services and victims of unexplained sudden death have been referred by pathologists or 

the coroner (following collection of a DNA sample at autopsy).393,400 Each referred case is discussed 

at a multidisciplinary CIDG meeting and a decision made regarding the need for further clinical 

and/or genetic testing. When probands are identified, cascade clinical and genetic screening is 

carried out in family members to identify at-risk presymptomatic individuals. Screening and delivery 

of results takes place mostly in dedicated multidisciplinary cardiac genetics clinics and includes 

counselling, obtaining a detailed family medical history, and a 12-lead ECG. All ECGs are 

measured manually by cardiologists specialised in electrophysiology and familiar with LQTS, and 

the Bazett formula for LQTS diagnosis is used to correct for heart rate (giving the QTc). Every ECG 

in this report was checked and reported by the senior author prior to knowledge of the patient’s 

genetic status. The QT interval is measured in leads II and V5 using the “teach the tangent” 

technique, and the longer of the two is taken as representative.403 If indicated, further investigations 

such as exercise testing, Holter recordings, echocardiograms and pharmacological testing are 

performed. 

 

Genetic screening for LQTS was initially part of a university-based research program, but was 

transferred to a diagnostic clinical service at Auckland City Hospital in 2005. Initially, patients were 

screened for point mutations in the coding regions of the KCNQ1, KCNH2 and SCN5A genes, but 

since 2006 a further three LQTS-associated genes - KCNE1, KCNE2 and KCNJ2 - are routinely 

screened in all patients. All coding exons of the above genes are amplified using exon-specific 

primers and the amplicons are subjected to bi-directional capillary-based dideoxy sequencing. 

 

The focus of mutation screening was largely sequence-based until 2007 when it was decided to 

screen for rarer deletion and duplication mutations using the technique termed multiplex ligation-

dependent probe amplification. This approach has now been superseded by the simultaneous 

screening of deletion/duplication mutations in 84 genes implicated in heritable cardiac disorders 

using array comparative genomic hybridisation. Patients with clinically definite LQTS who appear to 

carry no mutations detected by sequencing are subsequently screened for deletion and duplication 

mutations. 

 

Mutations in the LQTS genes are assessed for pathogenicity using a multi-faceted approach 

involving evidence from the literature (and mutation databases), in silico analysis with predictive 



 

 72 

bioinformatic programmes, and in vitro analyses. Finally, familial segregation of the mutation among 

affected relatives of the proband provides strong evidence of pathogenicity but can be hampered by 

access to other family members. The initial spectrum of mutations seen to 2005 has been published 

previously,49 as have the large gene rearrangements382 and 11 in vitro evaluations (46% of the 

novel mutations detected in New Zealand).393,453,454 

 

Upon enrolment in the registry, patients are given a classification of their clinical status based on 

their ECG, symptoms/events, and family history. Broadly, the classifications are: definitely affected 

(QTc >470ms for females and >460 for males with unequivocal symptomatology, or QTc>480ms for 

females and >470 for males without symptoms), probably affected (QTc >440ms with repolarisation 

abnormalities, suggestive symptoms or family history), possibly affected (QTc between 420-470ms) 

or unlikely to be affected (QTc <420ms). Classifications are made or adjusted in the context of 

symptomatology and repeated ECGs, exercise tests and occasionally Holter recordings. This report 

includes only patients classified clinically as definitely or probably affected with LQTS, and genotype 

positive patients (included in the definite LQTS subgroup for this analysis). 

 

The CIDG was initially established in the northern region, but cases of LQTS from throughout New 

Zealand were enrolled from 2009 onward. The location of the registry coordinator in Auckland and 

the differing lengths of registry operational times (northern region of the country compared to 

nationally) has resulted in an uneven distribution of case registrations throughout New Zealand. To 

allow a more accurate estimation of the prevalence of LQTS identified through the registry, northern 

region cases alone were included in this analysis.  

 

All patient information is entered into a secure Web-based database. The data that has been used 

in this report was extracted from the database on 1st June 2012. 

 

National population data were taken from the most recent Statistics New Zealand estimates (as on 

June 2012), and regional district health board-based population data were taken from June 2011 

projections.452,455 Statistical analysis was performed using R version 2.14.1; chi-squared or Fisher’s 

exact tests were used to test for differences between groups. 
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3.5 Results 

Eighty-five probands with definite LQTS and 27 probands with probable LQTS were enrolled in the 

registry (Figure 3-1). The reasons for referral were: 7 (6%) sudden unexplained deaths, 7 (6%) 

sudden unexplained deaths of family members, 82 (73%) cardiac events, and 16 (14%) incidental 

ECG abnormalities. A further 163 definite and 34 probable cases were identified through family 

screening giving a total of 309 LQTS cases in the northern region of New Zealand. Baseline 

characteristics of all patients are shown in Table 3-1: 184 (60%) were female, the median age at 

enrolment was 30 years (interquartile range 12-45 years; range 0.01-88 years) and ethnicities were 

as follows: 204 (66%) Caucasian, 68 (22%) New Zealand Maori, 16 (5%) Pacific Islanders, and 21 

(7%) other/unknown. The median QTc was 480ms (interquartile range 460-513). Thirty two percent 

of patients had a QTc of ≥500ms, 11% of patients had a QTc of ≤440ms, and 5% of patients had a 

QTc of <420ms. The proportion of genotype positive patients with a QTc of ≤440ms was also 11%.  

 
 

 

 
Figure 3-1 Individuals with LQTS in the northern region of New Zealand: derivation of the 
study population 

 

 

Testing not recommended
No further action

Testing recommended: clinical and/or genetic screening

Family members with LQTS identified following screening, 
Northern region   

Definite LQTS     n = 163 (151 gene positive)
Probable LQTS   n = 34

Referrals to CIDG from paediatric/cardiology services or pathologists
Multidisciplinary case discussion

Study population, Northern region
n = 248 Definite LQTS
n = 61 Probable LQTS

Family members with LQTS 
identified following screening:  

Resident outside the 
Northern region
Definite  n = 43 

(40 gene positive) 
Probable  n = 8 

Definite LQTS
n = 85 (66 gene positive)
Referral reasons:
64 cardiac events
7 sudden unexplained death
7 sudden unexplained death of a family member
7 incidental ECG abnormality

Probable LQTS
n = 27
Referral reasons:
18 cardiac events 
9 incidental ECG abnormality

Probands, Northern region

Probands identified 
outside the Northern 

region  
n = 8



 

 74 

Table 3-1 Baseline characteristics of patients with long QT syndrome in the northern region 
of New Zealand 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
ECG = electrocardiogram; LQTS = long QT syndrome; IQR = interquartile range; QTc = corrected QT interval  

 
Total 

Total 
Definite 
LQTS 

Total 
Probable 

LQTS 
N 309 248 61 
Probands, n (%) 112 (36) 85 (34) 27 (44) 
Female, n (%) 184 (60) 149 (60) 35 (57) 
Age (years), median (IQR) 30 (12, 45) 26 (11, 44) 30 (14, 45) 
Ethnicity, n (%)    
   Caucasian 204 (66) 169 (68) 35 (57) 
   Maori 68 (22) 48 (19) 20 (33) 
   Pacific Islander 16 (5) 12 (5) 4 (7) 
   Other/Unknown 21 (7) 19 (8) 2 (3) 
Reason for referral    
   Sudden death 7 (2) 7 (3) 0 (0) 
   Cardiac event not sudden death 82 (27) 64 (26) 18 (29) 
   Incidental ECG abnormality 16 (5) 7 (3) 9 (15) 
   Family member with sudden death 40 (13) 39 (16) 1 (2) 
   Family member with LQTS 164 (53) 131 (53) 33 (54) 
Most significant clinical event    
   Sudden death 14 (5) 13 (5) 1 (2) 
   Resuscitated sudden death 34 (11) 26 (11) 8 (13) 
   Loss of consciousness 72 (23) 58 (23) 14 (23) 
   Pre-syncope/palpitations 14 (5) 11 (4) 3 (5) 
   None 175 (56) 140 (57) 35 (57) 
ECG    
   QTc (ms), median (IQR) 480 (460, 513) 482 (461, 520) 469 (459, 490) 
   QTc ≥500 (%) 32 (10) 37 (15) 13 (21) 
   QTc ≤440 (%) 11 (4)  12 (5)   7 (11) 
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The population of the northern region of New Zealand is 2.03 million; with 309 patients with LQTS 

identified, this equates to a prevalence of 1.5/10,000.  Within the northern region, the registry and 

tertiary arrhythmia and genetic services are based in central Auckland (i.e. the Auckland district 

health board area) with a population of 0.46 million.  One hundred LQTS cases were identified here, 

giving a detected prevalence of 2.2/10,000 (p <0.001 compared to the rest of the region). The 

distribution of prevalence by ethnic group is uneven. For example, the prevalence of LQTS is 

1.6/10,000 among those of Maori ancestry, but is 0.5/10,000 and 0.1/10,000 among those of Pacific 

Islander and Asian ancestry, respectively.  
 

From the 112 probands identified in the northern region, 237 family members with LQTS (203 

definite and 34 probable) were identified (186 within the northern region and 51 outside), giving an 

average of a further 2.1 affected family members identified per proband. These numbers differ 

slightly from the total identified in the northern region (Figure 3-1) as eight probands from outside 

the region had affected relatives living within the region. 

 

Two hundred and twenty patients were positive for 63 different LQTS-causing mutations (120 

KCNQ1, 78 KCNH2, 19 SCN5A, 1 KCNE1, 2 KCNJ2) (Supplementary Table 3-3). Two patients 

carried two LQTS-causing mutations. Of the 29 patients with clinically definite LQTS but no 

mutations identified, genetic screening was uninformative in 12 patients and 17 patients did not 

undergo testing (either because they declined or because genetic screening in family members was 

uninformative). Sixty six gene positive probands were identified in the region, resulting in 151 gene 

positive and 179 gene negative cascade tests. The details of the identified mutations are in 

Supplementary Table 3-3, along with evidence of their pathogenicity. Twenty four (38%) of the 

mutations identified have not been reported outside of New Zealand. Twenty four (38%) of the 

mutations have been associated with sudden unexplained death in the young in New Zealand, and 

a further 10 (16%) with documented torsades de pointes or resuscitated SCD. Mutations were 

detected in 70% of the probands who underwent genetic screening.      

 

A higher proportion of probands with LQT type 3 (LQT3) presented with a cardiac arrest (sudden 

death or resuscitated sudden death) than those with LQT type 1 (LQT1) of LQT type 2 (LQT2): 6 of 

7 (86%) LQT3, 9 of 39 (23%) LQT1, and 3 of 20 (15%) LQT2 (p = 0.002). Of the genotype positive 

patients who experienced symptoms, cardiac arrest was more common in LQT3 patients than LQT1 

or LQT2 (occurring in 6 of 9 [67%], 12 of 44 [27%] and 9 of 33 [27%] respectively) but this was not 

statistically significant (p = 0.08) (Table 3-2). Near drowning occurred in 10% of patients with 

KCNQ1 mutations but did not occur in any of the other genotypes.  
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Table 3-2 Genotype positive patients with LQTS type 1-3: mode of presentation amongst 
probands, and most significant clinical event amongst all mutation carriers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
ECG = electrocardiogram; LQT1 = long QT syndrome type 1; LQT2 = long QT syndrome type 2; LQT3 = long QT 
syndrome type 3 
 
 

Some cases (13%) defined as probable LQTS had a recorded QTc in excess of 500ms (Table 3-1). 

These cases were not defined as definite as subsequent ECGs were less convincing, the heart rate 

was particularly fast or slow, and/or there were other factors that might have affected the QT 

interval. These factors include suspicion of myocardial injury, uncertainty of core body temperature, 

close time relationship to a significant cardiac event, or the uncertain influence of medications or 

natural remedies. 

3.6 Discussion 

We have demonstrated that a clinical LQTS registry incorporating diagnostic genetic testing can 

facilitate identification of many patients with LQTS, including victims of sudden unexplained death 

and their families. Community-based ECG screening elsewhere has led to an estimated prevalence 

of LQTS of 4/10,000.44 The registry and program we describe, which has been in existence for nine 

years, has thus far detected 1.5/10,000 individuals with LQTS in the northern region of New 

Zealand, and 2.2/10,000 in central Auckland. The higher detection frequency in central Auckland 

probably relates to the proximity of New Zealand’s largest arrhythmia service and the location of the 

registry and coordinator. 

 

The data from the New Zealand registry suggest that LQTS in New Zealand has a similar clinical 

and genetic profile to that in other regions, so it seems likely that such an approach could be 

applicable in other countries. For example, LQT1 mutations are most common (55%), followed by 

LQT2 (35%) and LQT3 (9%).49 The mutation detection frequency of 70% among probands 

undergoing genetic screening is similar to previous studies of cohorts with LQTS.456 A slight 

 LQT1 
(KCNQ1) 

LQT2 
(KCNH2) 

LQT3 
(SCN5A) 

Probands, n 39 20 7 
Mode of presentation, n (%)    
   Sudden death 3 (8) 3 (15) 1 (14) 
   Family member with sudden death 4 (10) 2 (10) 0 (0) 
   Cardiac event 27 (69) 15 (75) 5 (72) 
   Incidental ECG abnormality 5 (13) 0 (0) 1 (14) 
All genotype positive, n 120 78 19 
Most significant clinical event, n (%)    
   Sudden death 4 (3) 4 (5) 2 (11) 
   Resuscitated sudden death 8 (8) 5 (6) 4 (21) 
   Loss of consciousness 27 (23) 18 (23) 2 (11) 
   Pre-syncope/palpitations 4 (3) 6 (8) 1 (5) 
   None 76 (63) 45 (58) 10 (52) 
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difference is that only 11% of patients with mutations had a QTc within normal limits (≤440ms), a 

proportion which is less than the 25% found in a large group of international patients with LQTS.51  

 

The fact that we have already detected over half of the expected prevalence in central Auckland 

might lead to the erroneous conclusion that our family cascade screening has been particularly 

successful. In fact for each proband registered in the northern region, on average only 2.1 family 

members with LQTS have been identified. On the basis of other examples of sudden death and 

screening for autosomal dominant disorders such as familial hypercholesterolemia, we expected to 

identify 8-9 gene carriers per proband.457,458  

 

If barriers to identifying affected family members were removed (see Limitations) and we could 

identify eight family members for every genotype positive proband identified in central Auckland 

(n=30), then the expected LQTS prevalence would be approximately 5.3/10,000, which is higher 

than previous estimates based on population-based ECG screening. 

 

The varying prevalence across the different ethnic groups residing in northern New Zealand is likely 

to be a result of barriers to registration rather than a true reflection of differences in prevalence, 

though some genetic variation may exist as seen in LQTS cohorts elsewhere.158 Such barriers 

include unequal rates of access to and engagement with medical services as well as language 

difficulties and spiritual and cultural beliefs about disease. 

 

Effective screening programs must be able to reliably identify the condition with a safe and 

inexpensive test.459 The largest ECG screening program reported to date is that of over 44,000 

Italian newborns screened between the ages of 15-25 days.44 Intense debate surrounds such 

programs; specifically the ideal age for screening, whether adequate prophylactic treatments are 

available for infants (particularly with LQT3), and the impact of false positive tests.460,461 While a 

taskforce of the European Society of Cardiology has endorsed newborn ECG screening,462 this has 

not been widely adopted. A recent science advisory group of the American Heart Association stated 

a lack of evidence to support such a strategy in a North American context.463 Nevertheless, it is 

interesting that in their report, Schwartz et al advanced the hypothesis that the true prevalence of 

LQTS may be near 5/10,000 (1 in 2,000), which would accord with our projections presented here if 

we had an ideal family screening system. 

 

A community infant ECG screening program in New Zealand would raise significant resource 

issues, particularly given the limited number of experts in this area. An international survey of 

physicians found that fewer than 50% of cardiologists and 40% of non-cardiologists were able to 

calculate the QTc correctly in patients with LQTS.464 There is only one pediatric electrophysiologist 

in New Zealand to assess the equivocal ECGs from the more than 60,000 newborns each year. 
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3.7 Limitations 

The main limitation of this study is that many factors will have led to underestimation of the true 

community prevalence of LQTS. Not every individual with LQTS in the specified area will be 

enrolled in the CIDG registry, and many families have, for many reasons, had incomplete family 

screening. Conversely, a small number of individuals diagnosed as having LQTS may ultimately 

prove not to have LQTS, even given the relatively strict criteria used in this study.  

 

Multiple reasons may underlie our lower frequency of detection. In approximately a quarter of 

families where LQTS was identified, there were significant social, logistic or genetic reasons why 

family members could not, or would not, undergo screening. New Zealand does not have a genetic 

non-discrimination act such as in the United States; health and other insurance companies may ask 

for genetic test results and decline insurance because of them. Other reasons may be more 

universal: the unknown whereabouts or paternity of the father of the proband, small family size, 

adoption, unwillingness of the local physicians to engage in the screening process, and SCD of 

likely carriers prior to the initiation of screening. There were also two de novo mutations (found only 

in the affected proband and not present in either parent). 

 

The registry has very limited resources – a single part-time coordinator for the whole of New 

Zealand covers a range of cardiac inherited diseases and sudden death investigations. 

Subsequently, family members initially unwilling to engage and give consent for genetic or clinical 

testing cannot always be reappraised or offered repeat clinic appointments if they do not attend. A 

familial hypercholesterolemia screening program in the Netherlands used nurse specialist home 

visits to increase participation.458 They and others have found that family members invited for 

cascade screening are more likely to participate when invited by a medical professional, rather than 

a family member.458,465 In New Zealand privacy laws preclude information sharing with family 

members and obtaining medical information without consent, making it difficult to contact extended 

family members directly. 

3.8 Conclusion 

A high level of community detection of LQTS is possible using a clinical registry with an active 

program to detect probands and screen their families. In some areas this has detected more than 

half of the anticipated prevalence, despite the limited resources of the registry and only partially 

successful family screening. This detection frequency can be expected to increase in time as further 

family cascade screening takes place, particularly if resources are increased to facilitate this 

outcome. We suggest that this approach has the potential to be an effective alternative to 

community ECG screening.  

  



 

 79 

3.9 Supplementary material 

Supplementary Table 3-3 Long QT syndrome mutations identified in the northern region of 
New Zealand 
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KCNQ1 

1 G136A A46T √ √ 1 3 √  
1 C287G T96R   1 3 √  
3 G502A G168R √ √ 1 2   
3 G521A R174H  √ 1 2 √  
3 G532A A178T  √ 1 2 √  
3 insG567 R190AfsX95  √ 1 3   
3 567delG R190GrsX47   1 1   
5 C727T R243C √ √ 1 1   
5 733_744del G245RfsX39   1 3 √  
6 C794T T265I √  1 6  √ 
6 T797C L266P  √ 5 10 √ √ 
6 G805A G269S √ √ 1 2   
6 C835T R243C √ √ 1 3 √  
6 G898A A300T √ √ 1 4 √  
6 C905T A302V √ √ 1 1   
7 A944G Y315C √ √ 1 1 √  
7 G947A G316E √ √ 1 1   
7 C965T T322M  √ 2 3   
7 G973A G325R  √ 1 1   
7 998_999delCT S333CfsX129   1 4   
7 C1013T S338F   1 5   
7 C1022A A341E √ √ 3 4 √  
8 T1045C S349P  √ 1 1   
8 C1066T Q356X   1 1   
8 A1078G R360G √ √ 2 11   
10 C1363T H455Y √ √ 1 2 √  
12 C1552T R518X √ √ 2 8  √ 
12 A1579G K527E   1 2   
13 C1615T R539W √ √ 1 5 √  
13 C1637T S546L √ √ 1 3   
13 G1664A R555H  √ 1 2   
 ex13-14del    1 1   
14 C1697T S566F  √ 1 4 √  
15 G1781A R594Q √ √ 2 6  √ 
16 C1888G P630A   1 1   
Intron IVS7-2A>G  √ √ 2 9   
Intron IVS10-1G>T    1 1 √  
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Table 3-3 continued 

 

SUDY = sudden unexplained death in the young; TdP = torsades de pointes; RSCD = resuscitated sudden cardiac death 
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KCNH2 

2 T125A I42N   1 13 √ √ 
2 del221_242 T74RfsX35   1 3   
2 G243C Q81H   1 2 √  
5 983inc13bp R328fs89X   1 3  √ 
7 C1682T A561V √ √ 1 1 √  

7 dup1871-
1881 F627fs89X   1 3  √ 

7 A1898C N633T   1 2   

9 C2164_2181d
up18 

E722_D727d
up  √ 1 11   

9 C2230T R744X  √ 1 9  √ 
9 G2320T D774Y  √ 4 6 √  

10 2445_2446de
lTGinsG G816AfsX52   1 3 √  

12 C2903T P968L  √ 1 2   
12 2886delG R962Sfs12X   1 2   
13 del3094-3107 G1031fd27X   1 7  √ 
14 C3224T P1075L   1 5   
 ex6-14del    1 1 √  
 ex9-14dup    1 5   

SCN5A 

5 G569A R190Q  √ 1 1  √ 
12 C1715A A572D  √ 1 1   
14 C2074A Q692K  √ 1 1  √ 
20 G3573A W1191X √ √ 1 4 √  
28 A5302G I1768V √ √ 1 4  √ 
28 G5350A E1784K √ √ 1 1   
28 C6016G P2006A √ √ 1 3 √  
Intron  IVS1S-5C>A   1 4 √  

KCNE1 3 C292T R98W  √ 1 1 √  
KCNJ2 2 C652T R218W √ √ 1 2   
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POLYMORPHISMS IN ARRHYTHMIA GENES 
MODIFY THE RISK OF CARDIAC EVENTS AND 
SUDDEN DEATH IN LONG QT SYNDROME 
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4.1 Preface 

As discussed in the preceding literature review, there is mounting evidence that SNPs can modify 

disease severity in patients with LQTS and therefore have a potential role in risk stratification for 

SCD.87,90,91 Many previously published analyses in patients with LQTS (regarding both phenotypic 

and genotypic features) have been performed in the International LQTS Registry, in which no New 

Zealand patients are included.108  

 

At the commencement of this thesis, the New Zealand Cardiac Inherited Diseases Registry LQTS 

cohort had not been systematically evaluated in terms of outcome, and no genetic investigations 

beyond those used for diagnostic purposes had been carried out. Thus, it represents an 

independent cohort, valuable for both replication studies and in the search for novel associations. In 

particular, the sub-group of patients with Polynesian ancestry offers a unique insight compared with 

previously investigated cohorts.  

 

The aims of the research presented in this chapter were: 

 To describe the baseline characteristics and clinical predictors of SCD and resuscitated 

SCD (RSCD) in patients with LQTS from the Cardiac Inherited Diseases Registry. 

 To genotype a panel of potentially arrhythmogenic SNPs and test for assocations with QTc 

length and SCD/RSCD in the context of the clinical predictors of outcome. 

 To compare allele frequencies between patients of Caucasian and Maori/Pacific Islander 

ancestry. 

 

The following manuscript was published in 2014 in the journal Heart Rhythm, Volume 11 (1), Pages 

76-82.466 Heart Rhythm is the official journal of the Heart Rhythm Society and the Cardiac 

Electrophysiology Society and has an impact factor of 5.0 (2014). This article has been cited 13 

times since publication, and was published with an accompanying editorial (Appendix C). The 

manuscript is followed by further related analysis on the location of LQTS-causing mutations that 

was carried out subsequent to the manuscript’s publication. 

 
Role of the candidate 

Nikki Earle helped develop the research question, including selecting the SNPs to be investigated. 

She located the patient DNA samples, prepared aliquots for genotyping, gathered the relevant 

clinical data (searching of medical records databases, ECG analysis and data entry), and assisted 

with the statistical analyses (carried out by Dr Dug-Yeo Han from the University of Auckland). Nikki 

led the interpretation of the results and wrote the manuscript for publication.  
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4.2 Abstract 

Background: Disease-modifying single nucleotide polymorphisms (SNPs) can help explain 

incomplete penetrance and variable expressivity in congenital LQTS by altering susceptibility to 

arrhythmias.  

 

Objective: The purpose of this study was to assess multiple arrhythmia SNPs (in 16 genes) in a 

distinct cohort of LQTS patients to identify modifier SNPs influencing the risk of sudden death. 

 

Methods: This study included 273 patients with LQTS from the New Zealand Cardiac Inherited 

Disease Registry (154 long QT type 1, 96 long QT type 2 and 23 long QT type 3), including 31 

patients who had experienced death or resuscitated sudden cardiac death (RSCD). Patients were 

genotyped for 29 SNPs and tested for associations with clinical events and QTc length. Caucasian 

(n = 220) and Pacific Islander/New Zealand Maori (n = 53) ethnic groups were analysed separately. 

This subgroup of Polynesian ancestry has not been previously studied for LQTS in either 

presentation or outcome. 

 

Results: In Caucasians, four SNPs at two risk loci (NOS1AP: rs12143842 and rs16847548; and 

KCNQ1: rs10798 and rs8234) were significantly associated with clinical events after correction for 

multiple testing. Patients homozygous for the risk allele of rs12143842 had an increased risk of 

death/RSCD, hazard ratio = 10.15 (95% confidence interval = 2.38, 43.34, q = 0.045). Several other 

SNPs showed trends towards association with QTc length and clinical events.  

 

Conclusion: This study demonstrates that SNPs in NOS1AP and KCNQ1 are associated with an 

increased risk of cardiac events in LQTS patients, with the hazard ratio suggesting they have 

significant potential in clinical risk stratification.  
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4.3 Introduction 

Long QT syndrome (LQTS) was the first inherited arrhythmia syndrome to have its genetic basis 

revealed and has served as a paradigm for other arrhythmia syndromes.467 The QT interval plays 

an integral part in risk stratification of patients with LQTS, with further prognostic information 

provided by gender, age, prior cardiac events, genotype, and the location and effect of pathogenic 

mutations in protein structures.468 Congenital LQTS displays incomplete penetrance and variable 

expressivity even within families; the penetrance of mutations can range from 25 percent to 100 

percent.468 This variation may indicate the presence of significant environmental factors or genetic 

modifiers such as single nucleotide polymorphisms (SNPs), acting either independent of, or in 

concert with, the LQTS-causing mutation. 

 

Several genome-wide association studies (GWAS) have found SNPs associated with the QT 

interval and other measures of cardiac conduction in the general population, or in specific 

populations such as patients with coronary artery disease.89 Other GWAS or candidate gene 

studies have identified associations between particular SNPs and the risk of cardiac arrest or 

sudden cardiac death (SCD).356  

 

In addition to the type and location of the LQTS-causing mutation, both synonymous SNPs (those 

not causing a change in amino acid) and non-synonymous SNPs (those causing a change in amino 

acid) can modify the severity of the LQTS phenotype. These SNPs may have a modest effect 

individually, but the coexistence of several risk alleles could unmask an LQTS phenotype that was 

subclinical in unaffected carrier relatives. 

 

SNPs in the NOS1AP gene have recently been investigated in patients with LQTS, after they were 

found to influence ECG parameters and the risk of cardiac arrest in the general population.87,90,91 

These studies have suggested that NOS1AP SNPs modulate symptom severity and have 

emphasised the need for replication in independent populations. The study reported here 

investigates these as part of a wider spectrum of alleles at 29 SNPs (in 16 genes) with disease 

severity in a cohort of New Zealand (NZ) LQTS patients. 

4.4 Methods 

Study population 

The study population (n=273) was derived from patients enrolled in the NZ Cardiac Inherited 

Diseases Registry.445 This is a consent-based clinical registry and includes both living patients 

referred by pediatric or cardiology services and also victims of unexplained sudden death who have 

been referred by pathologists or the coroner (following collection of a DNA sample at autopsy).  

Included in this analysis were both symptomatic and asymptomatic patients with LQTS-causing 

mutations in the KCNQ1, KCNH2, and SCN5A genes. Patients with compound mutations in LQTS-

susceptibility genes were excluded from this analysis. Ethnicity was obtained from NZ Health 
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Information Service records which are self-reported, and analyses were divided into two ethnic 

groups: Caucasians, and Pacific Islanders/New Zealand Maori.  

Clinical data 

Covariate data included age, gender, ethnicity, QTc, location of the LQTS-causing mutation, and 

cardiac events. A 12‐lead ECG was performed on all live patients. All ECGs were measured 

manually by cardiologists specialised in electrophysiology and familiar with LQTS, and were 

checked by the senior author. The QT interval was measured in leads II and V5 and the Bazett 

formula was used to correct for heart rate (QTc = QT/√RR), with the longest interval taken as 

representative. Cardiac events were captured in the registry database as part of routine clinical 

follow-up. In this study resuscitated sudden cardiac death (RSCD) was defined as a cardiac arrest 

requiring resuscitation by cardiopulmonary resuscitation or external defibrillation. 

SNP selection 

Thirty four SNPs were initially selected from GWAS or candidate gene studies identified during a 

literature search. Selected SNPs had been shown to affect the QT interval or QRS duration in 

healthy populations (17 SNPs), QT interval or cardiac events in patients with ion channelopathies 

(11 SNPs), or susceptibility to SCD or cardiac arrest in population studies (6 SNPs). Two SNP loci, 

rs37062 (NDRG4) and rs2519184 (KCNQ1) failed during genotyping. Three SNP loci rs1805128 

(KCNQ1), rs2234916 (KCNE2) and rs41263144 (SCN5A) were genotyped but excluded from 

analyses as the minor allele frequency (MAF) occurred <0.05. The final analyses therefore 

comprised 29 SNPs from 16 genes (ATP1B1, CASQ2, CDKN1A, CXADR, GJA1, GPC5, KCNE1, 

KCNE5, KCNH2, KCNJ2, KCNQ1, NOS1AP, PLN, RNF207, SCN5A, SCN10A) (Table 4-4).  

Genotyping 

Genomic DNA was isolated from whole blood samples using the Gentra Puregene DNA Extraction 

kit according to the manufacturer’s instructions (Qiagen Pty Ltd, Dusseldorf, Germany) and diluted 

from stocks to a concentration of 10ng/μL. Primers were designed using the online mySequenom 

assay designer suite software (https://www.mysequenom.com). Genotyping was undertaken in 

multiplex using Sequenom MassARRAY iPLEX assays (Sequenom, San Diego, USA), using mass 

spectrometry to resolve allele-specific single base extensions (MALDI-TOF).433  

Statistical methods 

SNP alleles were tested for association with QTc length (as a continuous variable, and 

dichotomised as ≥500ms or <500ms, an established threshold where ≥500ms indicates high risk103) 

and cardiac events: SCD/RSCD and “any cardiac event” (SCD/RSCD plus arrhythmic syncope). 

Follow-up time was defined as from birth to either the first event or to the study end date if 

remaining event free (median = 27.12 years, range = 0.01 - 91.95 years).  

 

Multivariable Cox proportional hazards models were used to evaluate predictors of SCD/RSCD, and 

linear or logistic regression was used to test for associations between each SNP allele and QTc 
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length or “any cardiac event”. All models were adjusted for age and LQTS subtype (LQT1 [type 1], 

LQT2 [type 2] and LQT3 [type 3], corresponding to the KCNQ1, KCNH2 or SCN5A genes, 

respectively) and for QTc ≥500ms (in the case of cardiac events). Gender was not found to be 

statistically significant, so was not included in the final models for cardiac events. 

 

The SNP alleles were tested using an additive or genotypic model, but if there were ≤15 patients in 

any one genotype group then the SNP alleles were tested using a dominant model. Six SNP loci fell 

into this category: rs10919071 (ATP1B1), rs12567209 (NOS1AP), rs1805123 (KCNH2), rs2242802 

(KCNE1), rs3864180 (GPC5), and rs9398652 (GJA1).  

 

Multiple testing was accounted for by using a false discovery rate. This rate used the “qvalue” 

package in R,469 with a significance threshold (q value) of 0.10. This corresponds to an expectation 

that up to 10% of declared discoveries are false.437 Analyses were carried out with either SAS 

version 9.3 (SAS Institute, Cary, North Carolina) or R programming language version 2.15.3.  

A random effects model to adjust for the family structures could not be developed due to the large 

number of single member families (n = 40). However, the differences in genotype frequencies 

between singletons and multi-member families were tested using a chi-squared test and there were 

no significant differences for any SNP alleles.  This lack of difference indicates there is no 

enrichment for particular alleles due to family clustering.  

4.5 Results 

Clinical characteristics, QTc interval and patient outcome 
The clinical characteristics of 273 patients with LQTS (220 Caucasian and 53 Maori/Pacific 

Islander) from 93 families are shown in Table 4-1. Fifty eight percent of the patients were female 

and 56%, 35% and 8% had mutations in the KCNQ1, KCNH2 and SCN5A genes respectively with 

70 different mutations in total. Ten patients (4%) experienced SCD, 21 (8%) experienced RSCD 

(five requiring CPR and 16 requiring external defibrillation) and a further 58 (21%) patients 

experienced syncope.  

 

Patients with a QTc ≥500ms (n=85) were significantly more likely to have suffered a cardiac event 

[odds ratio (OR) = 2.98, 95% confidence interval (CI) (1.76, 5.03), p<0.001] or SCD/RSCD [OR = 

3.84, 95% (CI 1.69, 8.71), p=0.001] over the follow-up period. The risk of “any cardiac event” was 

particularly apparent in patients with the longest QTc intervals, with QTc ≥550ms (n=27) associated 

with a 13.42-fold increase in risk [95% CI (4.51, 39.92), p<0.001] compared with other patients. 

 

Long QT syndrome sub-type and age were significant predictors of SCD/RSCD but not “all cardiac 

events” combined. Patients with LQT1 or LQT2 were less likely to have experienced SCD/RSCD 

than those with LQT3 [hazard ratio (HR) = 0.13, 95% CI (0.05, 0.32), p <0.001; and HR = 0.18, 95% 

CI (0.07, 0.46), p<0.001 respectively]. Increasing age was associated with a decreasing risk of 

SCD/RSCD [HR per year increasing age = 0.92, 95% CI (0.89, 0.95), p < 0.001]. Overall the effect 

http://en.wikipedia.org/wiki/Cary,_North_Carolina
http://en.wikipedia.org/wiki/North_Carolina
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of gender on outcome was not statistically significant in this cohort. This remained so within LQT 

subtypes (LQT1/2/3) and when split by age before and after adolescence (<15 years and ≥15 

years); however, group sizes were small and may not be sufficiently powered to show this 

relationship.  

 

Table 4-1 Demographics of study patients by long QT syndrome sub-type 

 

IQR = interquartile range; SCD = sudden cardiac death 

Modifier SNPs: Caucasian patient group 

The genotype frequencies for the 29 candidate modifier SNPs are reported in Supplementary Table 

4-4. None of the alleles deviated from Hardy-Weinberg equilibrium.  

 

Clinical Events 

In Caucasian patients, four SNPs at two risk loci (rs12143842 and rs16847548 in NOS1AP; 

rs10798 and rs8234 in KCNQ1) were significantly associated with clinical events, after correction for 

multiple testing. Patients homozygous for the risk alleles in the NOS1AP gene (rs12143842 or 

rs16847548) were at significantly increased risk of SCD/RSCD (Table 4-2, Figure 4-1) or “any 

cardiac event” (Table 4-3, Supplementary Table 4-5). Similarly, patients with at least one copy of 

the minor allele for rs10798 or rs8234 in the 3’ untranslated region of the KCNQ1 gene had a 

significantly increased risk of “any cardiac event” (Table 4-3). In a subanalysis by long QT type, this 

association remained in LQT1 patients [rs10798 OR = 2.21, 95% CI (1.16-4.21), p = 0.016; and 

rs8234 OR = 2.32, 95% CI (1.20-4.47), p = 0.010, though q values were not significant. The 

association was not proven in LQT2 or LQT3 patients [rs10798 OR = 1.97, 95% CI (0.98-3.96), p = 

0.057; and rs8234 OR = 1.99, 95% CI (0.99-3.99), p = 0.052]. 

 Total KCNQ1 KCNH2 SCN5A 

N (%) 273 154 (56) 96 (35) 23 (8) 
Families, n 93 53 28 12 
Female, n (%) 157 (58) 93 (60) 55 (57) 9 (39) 
Age, median (IQR) 30 (16, 50) 32 (19, 52) 30 (15, 47) 22 (8, 32) 
Ethnicity, n, (%)     
   Caucasian 220 (80) 133 (86) 71 (73) 17 (74) 
   Maori 46 (17) 21 (14) 21 (22) 5 (22) 
   Pacific Islander 7 (3) 0 (0) 5 (5) 1 (4) 
Most significant clinical event     
   Sudden death 10 (4) 3 (2) 4 (4) 3 (13) 
   Resuscitated SCD 21 (8) 10 (6) 6 (6) 5 (22) 
   Syncope 58 (21) 37 (24) 18 (19) 2 (9) 
   None 183 (67) 104 (68) 68 (71) 13 (57) 
ECG     
   QTc (median, IQR) 481 (461, 514) 480 (465, 510) 489 (460, 516) 475 (440, 520) 
   QTc ≥500 (%) 85/250 (34) 45/142 (32) 31/85 (37) 9/23 (39) 
   QTc ≥550 (%) 27/250 (11) 13/142 (9) 13/85 (15) 1/23 (4) 
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Table 4-2 SNPs with significant associations in a Cox proportional hazards model of 
death/RSCD in the Caucasian patient group 

 
* Event/no event equals the number of patients in each genotype group who have/have not experienced RSCD 
or death 
 
 
 
 

 
Figure 4-1 Kaplan-Meier survival analysis showing the cumulative incidence of death or 
RSCD in the different genotype groups for the NOS1AP polymorphism rs12143842  
 (p = 0.009) 
 

Gene SNP Genotype Event/No event*, n Hazard ratio p 
value 

q 
value 

NOS1AP rs12143842 CC 4/106 1   

    TC 9/65 3.93 (1.18-13.13) 0.026 0.234 

    TT 6/17 10.15 (2.38-43.34) 0.002 0.045 

NOS1AP rs16847548 TT 7/79 1   

    CT 11/96 3.22 (1.09-9.55) 0.035 0.263 

    CC 4/23 8.57 (2.30-31.9) 0.001 0.045 

NOS1AP rs4657139 TT 5/69 1   

    AT 7/104 1.04 (0.29-3.77) 0.946 0.954 

    AA 9/27 5.73 (1.56-21.21) 0.009 0.101 

NOS1AP rs10494366 TT 4/63 1   

    GT 9/106 1.26  (0.37-4.27) 0.712 0.953 

    GG 8/30 4.07 (0.25-15.77) 0.043 0.276 
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Two other SNPs in the NOS1AP gene (rs4657139 and rs10494366) showed a trend towards 

association with “any cardiac event” (p<0.05), but these did not remain significant after correction 

with the false discovery rate (Table 4-3).  

 

Table 4-3 SNPs with significant associations with “any cardiac event”, and with the 
likelihood of having a QTc ≥500ms in the Caucasian patient group 

 

 

QTc Length 

There were trends indicating that two SNPs (rs3864180 in GPC5 and rs4074536 in CASQ2) may be 

associated with QT interval length (Table 4-3). The A allele of rs3864180 (GPC5 gene) was 

associated with having a QTc ≥500ms [OR = 1.62, 95% CI (1.01, 2.61), p=0.049], whereas the C 

allele of rs4074536 (CASQ2) decreased the likelihood of having a QTc ≥500ms [OR = 0.60, 95% CI 

(0.37, 0.98), p = 0.041]. However, neither remained significant after correction with the false 

discovery rate. 

 

The SNPs at NOS1AP and KCNQ1 shown to increase the risk of cardiac events in this cohort 

(rs12143842, rs16847548, rs10798 and rs8234) were not independent predictors of QTc length.  

 

Modifier SNPs: Maori/Pacific Islander patient group 

There were marked differences in SNP frequencies between Caucasians and the Maori/Pacific 

Islander group (indicated by asterisks, Supplementary Table 4-4). For example, the R1193Q 

polymorphism in SCN5A (rs41261344) was excluded from statistical analyses among Caucasians 

as the minor allele frequency was <0.05, however 9/53 (17%) of those in the Maori/Pacific Islander 

ethnic group carried R1193Q along with their primary LQTS-causing mutation. In the Maori/Pacific 

Islander patient group, several SNPs were associated with QT interval length, although none 

remained significant after correction for multiple testing (Supplementary Supplementary Table 4-6). 

                                                Any Cardiac Event                          QTc ≥500 

Gene SNP Tested 
allele 

Odds ratio 
(95% CI) 

p 
value 

q 
value 

Odds ratio 
(95% CI) 

p 
value 

q 
value 

KCNQ1 rs8234 G 2.27 (1.40-3.70) 0.001 0.015 0.70 (0.44-1.12) 0.140 0.629 

KCNQ1 rs10798 G 2.21 (1.36-3.58) 0.001 0.015 0.72 (0.46-1.15) 0.169 0.629 

NOS1AP rs12143842 T 1.89 (1.18-3.00) 0.008 0.077 0.75 (0.47-1.19) 0.217 0.629 

NOS1AP rs16847548 C 1.86 (1.15-2.99) 0.012 0.087 0.85 (0.53-1.37) 0.505 0.748 

NOS1AP rs10494366 G 1.59 (1.01-2.52) 0.049 0.237 0.64 (0.41-1.01) 0.058 0.441 

NOS1AP rs4657139 A 1.60 (1.02-2.53) 0.045 0.237 0.75 (0.48-1.18) 0.216 0.629 

CASQ2 rs4074536 C 1.03 (0.65-1.64) 0.892 0.988 0.60 (0.37-0.98) 0.041 0.441 

GPC5 rs3864180 A 0.79 (0.49-1.28) 0.340 0.865 1.62 (1.01-2.61) 0.049 0.441 
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Risk alleles of rs846111 (RNF207), rs8234 and rs10798 (KNCQ1) showed a trend for association 

(before correction for multiple testing) with a decreasing QTc, and rs3815459 (KNCH2) with an 

increasing QTc. No SNPs showed significant associations with cardiac events in this patient group. 

4.6 Discussion 

We studied the association of 29 candidate modifier SNPs in arrhythmia genes with disease 

severity in a distinct cohort of patients with LQTS. The chief finding confirms the role of SNPs at two 

risk loci, NOS1AP and KCNQ1, as predictors of cardiac events and sudden death, independent of 

traditional risk factors such as QTc length, age, and mutation locus.  

 

Several other SNPs showed trends toward associations with clinical events or QTc length, but these 

were no longer significant after correction for multiple testing. These signals will require evaluation 

in other cohorts.  

 

LQT sub-type was an independent predictor of death/RSCD in this cohort, and patients with LQT1 

or LQT2 were at a lower risk of death/RSCD than patients with LQT3. The LQT3 patient group was 

small (n=23), and the mean age at which events occurred was younger in this group (13 years 

versus 26 and 17 years for LQT1 and LQT2 patients, respectively), which may account for the 

striking difference. Reports from the International LQTS Registry examining this endpoint in various 

age groups show that LQTS sub-type was not an independent predictor of outcome, with other 

clinical risk factors such as gender and QTc duration taking precedence.101,104,470  

SNP Loci with Confirmed Associations with Disease Severity 

NOS1AP  

The SNPs rs12143842 and rs16847548 in the NOS1AP gene were associated with a dramatically 

increased risk of SCD/RSCD in this cohort. The HR was large for both and greatest for rs12143842 

at 10.2. To give a clinical perspective, HRs of this order for RSCD and SCD in International Registry 

Data were associated with a history of more than 10 cardiac events before age 18 (HR=12), or a 

QTc >550ms (HR=10) in adults with LQTS, or  syncope in the last two years in adolescents 

(HR=12).102,104,470 These SNPs are in strong linkage disequilibrium (r2 = 0.83) meaning they are 

likely indicators for the same causal variant, whether it be either of them or another variant also in 

strong linkage disequilibrium. SNPs in the NOS1AP gene were first identified as modifiers of QT 

length in a population-based GWAS,360 with subsequent GWAS confirming this association with 

multiple independent signals.361,362,423 The associations of NOS1AP gene variants with an increased 

risk of SCD have also been reported in two separate population-based cohorts.356,357  

 

In previous studies of patients with LQTS, Tomas et al90 found that among 901 LQTS patients, two 

NOS1AP SNPs (rs16847548 as in the current study, and rs4657139) were associated with QTc 

prolongation and all cardiac events. Crotti et al91 found that among 500 subjects with long QT type 1 

(205 gene positive), the same two SNPs, rs16847548 and rs4657139, also were associated with 



 

 92 

increased risk of symptoms and life-threatening arrhythmias.  In a recent preliminary report focusing 

on LQT2, several SNPs at the NOS1AP locus were associated with QT prolongation (including 

rs16847548) and one with cardiac events.471 One fine mapping study identified rs12143842 in the 5' 

region of the NOS1AP gene as the likely causal variant for QT interval increase in a population-

based cohort.472  

 

NOS1AP encodes carboxyl-terminal PDZ ligand of nitric oxide synthase 1 (neuronal) adaptor 

protein (CAPON), a regulator of the nitric oxide synthase pathway that was first identified in the 

brain, and later in ventricular myocytes. When over-expressed CAPON can shorten action 

potentials by inhibiting L-type calcium channels (ICa,L) and enhancing the rapidly activating delayed 

rectifier potassium current (IKr).366  The NOS1AP SNPs with significant associations in this and other 

cohorts are in non-coding regions of the gene, so alleles may be exerting effects by altering 

transcription and resulting CAPON levels. The major allele genotypes of the non-coding NOS1AP 

SNPs rs10494366, rs10918594, and rs12039600 have been associated with lower NOS1AP RNA 

levels in cardiac tissue, as well as shorter JT intervals (measured from the J point to the end of the 

T wave) compared with patients with the minor allele genotype.367,412  

 

It is intriguing that in our cohort NOS1AP had a distinct association with cardiac events and SCD 

but not with QTc. Some of this effect may be due to the fact that five of the patients who were 

deceased never had an ECG, because their diagnosis was made after their death by molecular 

autopsy. Even though NOS1AP clearly has an association with QTc prolongation in the general 

population and in other cohorts, our findings may indicate that the proarrhythmic effect of these 

SNPs is not entirely linked to lengthening of the QT interval alone. Some patients with LQTS and a 

normal QTc may experience fatal arrhythmia, as exemplified by the recent finding that the risk of 

sudden death from C-loop mutations in KCNQ1 is independent of the QTc.111 

 

KCNQ1 

The SNPs rs10798 and rs8234, located in the 3' UTR of the KNCQ1 gene and in complete linkage 

disequilibrium (R2=1), are significantly associated with an increased risk of cardiac events in 

Caucasians. The 3'UTR of mRNA transcripts encodes cis-regulatory binding sites for small non-

coding micro-RNAs (miRNAs) that can inhibit gene expression after transcription, and SNPs in this 

region can affect the binding of these miRNAs. Amin et al87 showed that the minor allele of three 

SNPs in the 3'UTR of KCNQ1 (rs2519184, rs8234, and rs10798) could modify symptom prevalence 

and QTc length in patients with LQT1 by suppressing translation. The inheritance of the minor allele 

haplotype in cis with the LQTS-causing mutation reduced disease severity by decreasing the 

amount of mutant α-subunits available to form Kv7.1 channels. In contrast, patients with the minor 

allele haplotype on a normal KCNQ1 allele had a longer mean QTc and increased arrhythmia 

susceptibility due to the reduced availability of normal α-subunits. 
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Unfortunately genotyping by Sequenom MassARRAY does not distinguish whether a SNP allele is 

in cis or in trans with the LQTS-causing mutation. It seems plausible that the signal of increased risk 

of cardiac events shown in this cohort is because the majority of the minor alleles are in trans to the 

mutation, resulting in reduced availability of normal α-subunits. 

 

Another SNP in KCNQ1 (rs2074238) has recently been linked to fewer symptoms and a shorter 

QTc in patients with LQTS.99 This SNP is not in linkage disequilibrium with rs10798 and rs8234 (r2 = 

0.08). 

 

SNP Loci with Suggested Associations with Disease Severity 
CASQ2 

The C allele of rs4074536, T66A in exon 1 of the CASQ2 gene was associated with a decreased 

likelihood of having QTc ≥500 (uncorrected p = 0.041). CASQ2 encodes calsequestrin 2, a protein 

found in the sarcoplasmic reticulum of cardiac and slow skeletal muscle cells with a primary role of 

storing Ca2+. Homozygous or compound heterozygous mutations in the CASQ2 gene have been 

associated with the cardiac channelopathy catecholaminergic polymorphic ventricular tachycardia. 

T66A is not thought to cause any functional changes to the protein structure.473 

 

GPC5 

The A allele of rs3864180, an intronic SNP in the GPC5 gene, was associated with an increased 

likelihood of having a QTc ≥500ms (uncorrected p=0.049).  In the Oregon Sudden Unexpected 

Death Study the G allele of this SNP was associated with a decreased risk of cardiac arrest and a 

shortened QT interval.296 GPC5 encodes glypican 5, a type of heparan sulfate proteoglycan found 

in the extracellular matrix and bound to the outer surface of the plasma membrane in the 

cardiovascular system.474 

 

SCN5A 

The sub-group of Maori and Pacific Islanders have not been previously studied for LQTS in either 

presentation or outcome. While the numbers were too small to show any significant associations 

after correction for multiple testing, 17% of the patient group carried the R1193Q polymorphism in 

the SCN5A gene along with their primary LQTS-causing mutation. This frequency is similar to that 

found in a control population of Han Chinese,429 while this polymorphism is found in only 0.2%-0.3% 

of Caucasians in the general population.158,475  

 

This has similarities to the SCN5A S1103Y polymorphism, which is known to subtly modulate 

arrhythmia risk and is found in approximately 13% of Black Americans but is not generally found in 

Caucasians.476  
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4.7 Limitations 

Clinical data for some variables were not available for a significant proportion of patients in this 

analysis, precluding multivariable analysis. This included whether patients were treated with beta- 

blocker drugs; hence the potential effect of this on cardiac event rates has not been accounted for.  

Also, because accurate event dates were not available for many syncopal cardiac events, the use 

of Cox proportional hazards models was restricted to SCD/RSCD data. 

 

This cohort consists of a varied population with different LQTS-causing mutations known to confer 

varying risks. Although this complicates quantifying the effects of individual SNPs, we tried to adjust 

for this by including LQTS sub-type as a covariate in the multivariable models.  

 

The small number of patients in the Maori/Pacific Islander group meant there was a lack of 

statistical power to detect significant associations with cardiac events or with QTc length following 

adjustment for multiple testing.  

 

Some of the members of this cohort are related, with 75 Caucasian and 18 Maori/Pacific Islander 

families of varying sizes (ranging from 1-13 members). Ideally this would be accounted for during 

statistical analysis but this was not possible with the family substructures. McArdle et al477 

undertook simulations of SNP associations in various family structures with and without accounting 

for this, and showed that not adjusting does not bias the point estimate or greatly affect the power to 

detect SNP effects but may increase Type I errors. Acknowledging these limitations, significant 

results were obtained, even after correction for multiple testing. 

4.8 Conclusions 

This first investigation into the NZ LQTS patient cohort demonstrates that modifier SNPs in 

NOS1AP and KCNQ1are associated with an increased risk of sudden cardiac death and cardiac 

events in patients with LQTS, with the hazard ratios suggesting they have significant potential in 

clinical risk stratification.  The study also identified other SNPs which may be influential and warrant 

evaluation in other cohorts.  Maori and Pacific Islanders have different SNP frequencies from 

Caucasians, and the way in which these ancestry-specific SNPs modulate clinical phenotypes 

requires further investigation.    
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4.9 Supplementary material 

 Supplementary Table 4-4 SNPs genotyped in patients with LQTS from the New Zealand Cardiac Inherited Diseases Registry, with the tested 
allele and frequencies in Caucasian and Maori/Pacific Island patient groups 

 

* = significantly different allele frequencies between the two patient groups 

Closest 
gene 

Name Chromosome SNP Description 
Caucasian Maori/Pacific 

Tested 
allele 

Allele 
frequency 

Tested 
allele 

Allele 
frequency 

ATP1B1 ATPase, Na+/K+ transporting,  
beta 1 polypeptide 1q24.2 rs10919071 Intronic G 0.118 G 0.011* 

CASQ2 calsequestrin 2 (cardiac muscle) 1p13.1 rs4074536 Missense T66A C 0.295 C 0.522* 

CDKN1A cyclin-dependent kinase inhibitor 1A 6p21.2 rs9470361 21 kb upstream A 0.215 A 0.244* 

CXADR coxsackie virus and adenovirus receptor 21q21.1 rs2824292 98 kb upstream G 0.511 G 0.567* 

GJA1 gap junction protein, alpha 1 6q22.31 rs9398652 375 kb downstream A 0.112 A 0.261* 

GPC5 glypican 5 13q31.3 rs3864180 Intronic A 0.589 A 0.465* 

KCNE1 potassium voltage-gated channel,  
Isk-related family, member 1 21q21.1 

rs1805127 Missense G38S A 0.306 A 0.211* 

rs2242802 1618 kb 
downstream  T 0.103 T 0.097* 

KCNE5 cardiac voltage-gated potassium channel  
accessory subunit 5 Xq23 rs697829 3’ UTR G 0.416 G 0.152* 

KCNH2 potassium voltage-gated channel,  
subfamily H (eag-related), member 2 7q36.1 

rs3815459 Intronic A 0.264 A 0.689* 

rs1805123 Missense K897T C 0.206 C 0.098* 

rs4725982 4 kb upstream T 0.272 T 0.709* 

KCNJ2 potassium inwardly-rectifying channel,  
subfamily J, member 2 17q24.3 rs17779747 319 kb downstream T 0.331 T 0.468* 
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Table 4-4 continued 

 
* = significantly different allele frequencies between the two patient groups 
  

Closest 
gene Name Chromosome SNP Description 

Caucasian Maori/Pacific 
Tested 
allele 

Allele 
frequency 

Tested 
allele 

Allele 
frequency 

KCNQ1 potassium voltage-gated channel,  
KQT-like subfamily, member 1 11p15.5 

rs12296050 
rs2283222 
rs8234 
rs10798 

Intronic 
Intronic 
3’ UTR 
3’ UTR 

T 
C 
G 
G 

0.222 
0.366 
0.362 
0.366 

T 
C 
G 
G 

0.244* 
0.293* 
0.467* 
0.467* 

NOS1AP nitric oxide synthase 1 (neuronal) 
 adaptor protein 1q23.3 

rs10494366 
rs12143842 
rs12567209 
rs16847548 
rs4657139 

Intronic 
5.7kb upstream 
3.2kb upstream 
4.3kb upstream 
9.7kb upstream 

G 
T 
G 
C 
A 

0.434 
0.286 
0.876 
0.233 
0.416 

G 
T 
G 
C 
A 

0.250* 
0.250* 
0.967* 
0.222* 
0.256* 

PLN phospholamban 6q22.1 rs11153730 
rs11970286 

201.9 kb upstream 
189.1kb upstream 

C 
T 

0.469 
0.447 

C 
T 

0.217* 
0.222* 

RNF207 ring finger protein 207 1p36.31 rs846111 Missense G1982A C 0.736 C 0.700* 

SCN10A sodium channel, voltage-gated,  
type X, alpha subunit 3p22.2 rs6795970 Missense A1073V A 0.325 A 0.174* 

SCN5A sodium channel, voltage-gated,  
type V, alpha subunit 3p22.2 

rs11720524 
rs12053903 
rs1805124 
rs41261344 

 Intronic 
Intronic 
Missense H558R 
Missense R1193Q 

C 
T 
A 
T 

0.624 
0.759 
0.719 
0.002 

C 
T 
A 
T 

0.633* 
0.557* 
0.782* 
0.089* 
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Supplementary Table 4-5 Results of all SNP linear and logistic regression models in the Caucasian patient group 

 

continued following page 

  

Gene SNP  Tested 
allele Frequency 

Max QTc QTc ≥500 Any Event 

Estimate (ms)  
(95%CI) 

p 
value 

q 
value 

Odds ratio 
(95% CI) 

p 
value 

q 
value 

Odds ratio 
(95% CI) 

p 
value 

q 
value 

KCNQ1 rs8234 G 0.362 -7.4 (-17.2-2.5) 0.144 0.549 0.70 (0.44-1.12) 0.140 0.629 2.27 (1.40-3.70) 0.001 0.015 

KCNQ1 rs10798 G 0.366 -6 (-15.9-3.9) 0.235 0.560 0.72 (0.46-1.15) 0.169 0.629 2.21 (1.36-3.58) 0.001 0.015 

NOS1AP rs12143842 T 0.286 -6.5 (-16.4-3.5) 0.201 0.560 0.75 (0.47-1.19) 0.217 0.629 1.89 (1.18-3.00) 0.008 0.077 

NOS1AP rs16847548 C 0.233 -3.4 (-13.8-7.1) 0.526 0.698 0.85 (0.53-1.37) 0.505 0.748 1.86 (1.15-2.99) 0.012 0.087 

NOS1AP rs10494366 G 0.434 -4.9 (-14.7-4.8) 0.320 0.625 0.64 (0.41-1.01) 0.058 0.441 1.59 (1.01-2.52) 0.049 0.237 

NOS1AP rs4657139 A 0.416 -3 (-12.8-6.7) 0.540 0.698 0.75 (0.48-1.18) 0.216 0.629 1.60 (1.02-2.53) 0.045 0.237 

PLN rs11153730 C 0.469 6.2 (-2.8-15.1) 0.177 0.549 0.89 (0.59-1.33) 0.559 0.748 0.75 (0.49-1.14) 0.171 0.667 

SCN5A rs1805124 A 0.719 2.2 (-8.1-12.5) 0.672 0.801 1.30 (0.81-2.10) 0.278 0.682 0.72 (0.45-1.18) 0.184 0.667 

PLN rs11970286 T 0.447 6.6 (-2.2-15.3) 0.140 0.549 0.96 (0.64-1.44) 0.827 0.857 0.78 (0.51-1.08) 0.236 0.684 

GJA1 rs9398652 A 0.112 10.8 (-3.9-25.4) 0.148 0.549 1.96 (0.96-3.99) 0.065 0.441 1.58 (0.77-3.26) 0.216 0.684 

KCNQ1 rs12296050 T 0.222 8.4 (-3.5-20.2) 0.166 0.549 0.92 (0.50-1.68) 0.783 0.841 0.70 (0.38-1.32) 0.274 0.722 

KCNE1 rs1805127 A 0.306 -1.8 (-11.4-7.9) 0.721 0.809 0.96 (0.61-1.52) 0.872 0.872 1.26 (0.80-1.98) 0.328 0.793 

SCN5A rs11720524 C 0.624 8.5 (-1.1-18.1) 0.081 0.549 1.52 (0.96-2.41) 0.076 0.441 0.87 (0.55-1.38) 0.560 0.894 

KCNE1 rs2242802 T 0.103 20.4 (-1.8-42.7) 0.072 0.549 1.31 (0.46-3.77) 0.611 0.748 1.32 (0.43-4.04) 0.628 0.894 

CASQ2 rs4074536 C 0.295 9.6 (-0.3-19.6) 0.057 0.549 0.60 (0.37-0.98) 0.041 0.441 1.03 (0.65-1.64) 0.860 0.894 
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Table 4-5 continued 

 

QTc = corrected QT interval; CI = confidence interval 

  

Gene SNP  Tested 
allele Frequency 

Max QTc QTc ≥500 Any Event 

Estimate (ms) 
(95%CI) 

p 
value 

q 
value 

Odds ratio 
(95% CI) 

p 
value 

q 
value 

Odds ratio 
(95% CI) 

p 
value 

q 
value 

KCNE5 rs697829 G 0.416 5.7 (-2.1-13.5) 0.152 0.549 1.28 (0.89-1.83) 0.183 0.629 1.05 (0.73-1.51) 0.781 0.894 

CDKN1A rs9470361 A 0.215 8.2 (-3.1-19.5) 0.153 0.549 1.27 (0.69-2.31) 0.445 0.748 0.95 (0.51-1.77) 0.894 0.894 

ATP1B1 rs10919071 G 0.118 6.9 (-7.3-21.1) 0.338 0.625 1.23 (0.62-2.46) 0.556 0.748 0.99 (0.97-2.30) 0.747 0.894 

SCN5A rs12053903 T 0.759 4.8 (-5.2-14.8) 0.346 0.625 1.27 (0.79-2.03) 0.327 0.729 0.97 (0.60-1.54) 0.887 0.894 

KCNH2 rs3815459 A 0.264 4.9 (-5.7-15.6) 0.363 0.625 1.08 (0.66-1.76) 0.767 0.841 1.09 (0.67-1.79) 0.726 0.894 

KCNH2 rs4725982 T 0.272 6 (-5.8-17.9) 0.318 0.625 1.10 (0.64-1.88) 0.739 0.841 0.93 (0.54-1.60) 0.717 0.894 

KCNH2 rs1805123 C 0.206 3.9 (-7.7-15.5) 0.510 0.698 1.26 (0.69-2.29) 0.450 0.748 1.06 (0.53-1.94) 0.853 0.894 

KCNQ1 rs2283222 C 0.366 3.7 (-6.0-13.3) 0.452 0.698 1.16 (0.75-1.79) 0.513 0.748 0.96 (0.62-1.49) 0.859 0.894 

RNF207 rs846111 C 0.736 -3.6 (-14-6.8) 0.494 0.698 1.21 (0.74-1.97) 0.448 0.748 1.06 (0.64-1.73) 0.833 0.894 

GPC5 rs3864180 A 0.589 2.4 (-7.6-12.5) 0.632 0.784 1.62 (1.01-2.61) 0.049 0.441 0.89 (0.54-1.44) 0.624 0.894 

KCNJ2 rs17779747 T 0.331 1.7 (-7.8-11.2) 0.732 0.809 0.85 (0.548-1.32) 0.469 0.748 1.08 (0.70-1.76) 0.737 0.894 

SCN10A rs6795970 A 0.325 1.5 (-8.1-11.2) 0.757 0.809 0.89 (0.57-1.38) 0.600 0.748 1.15 (0.75-1.77) 0.581 0.894 

NOS1AP rs12567209 G 0.876 -1.5 (-14.7-11.7) 0.821 0.848 1.77 (0.19-16.73) 0.619 0.748 1.40 (0.14-13.50) 0.771 0.894 

CXADR rs2824292 G 0.511 -0.4 (-9.7-9.0) 0.941 0.941 0.79 (0.52-1.21) 0.282 0.682 0.93 (0.61-1.44) 0.749 0.894 
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Supplementary Table 4-6 Results of all SNP linear and logistic regression models in the Maori/Pacific Islander patient group 

 

continued following page 

  

Gene SNP  Tested 
allele Frequency 

Max QTc QTc ≥500 Any Event 

Estimate (ms) 
(95%CI) 

p 
value 

q 
value 

Odds ratio 
(95% CI) 

p 
value 

q 
value 

Odds ratio 
(95% CI) 

p 
value 

q 
value 

KCNQ1 rs8234 G 0.467 -24.1 (-43.6-4.6) 0.011 0.187 0.65 (0.27-1.57) 0.339 0.619 0.60 (0.23-1.54) 0.290 0.837 

RNF207 rs846111 C 0.700 -30.4 (-55.7-5.2) 0.019 0.187 0.31 (0.09-1.05) 0.060 0.489 0.80 (0.22-2.84) 0.735 0.993 

KCNQ1 rs10798 G 0.467 -23.7 (-43.5,-3.9) 0.020 0.187 0.66 (0.28-1.59) 0.361 0.619 0.60 (0.23-1.54) 0.291 0.837 

KCNH2 rs3815459 A 0.689 23.1 (2.4-43.7) 0.029 0.203 2.17 (0.83-5.63) 0.113 0.489 1.00 (0.35-2.81) 0.993 0.993 

KCNH2 rs4725982 T 0.709 20.2 (-1.6-42.0) 0.069 0.386 2.17 (0.81-5.84) 0.124 0.489 0.98 (0.34-2.831) 0.973 0.993 

KCNH2 rs1805123 C 0.098 -30.3(-68.9-8.4) 0.122 0.510 0.31 (0.05-1.92) 0.211 0.568 1.68 (0.29-9.72) 0.561 0.993 

NOS1AP rs10494366 G 0.250 -19.0 (-44.96.8) 0.145 0.510 0.24 (0.07-0.86) 0.028 0.373 1.42 (0.38-5.28) 0.599 0.993 

GJA1 rs9398652 A 0.261 -19.1 (-46.3-8.1) 0.164 0.510 0.72 (0.22-2.38) 0.585 0.699 1.50 (0.37-5.95) 0.566 0.993 

KCNE1 rs1805127 A 0.211 16.2 (-7.3-39.8) 0.171 0.510 1.54 (0.57-4.11) 0.390 0.619 1.25 (0.43-3.63) 0.680 0.993 

CDKN1A rs9470361 A 0.244 22.6 (-10.99-56.1) 0.182 0.510 2.30 (0.56-9.51) 0.249 0.612 0.97 (0.18-5.08) 0.970 0.993 

NOS1AP rs4657139 A 0.256 -13.3(-40.0-13.2) 0.318 0.783 0.40 (0.13-1.29) 0.127 0.489 1.95 (0.53-7.08) 0.310 0.837 

KCNE5 rs697829 G 0.152 11.4 (-12.9-35.84) 0.351 0.783 1.33 (0.49-3.63) 0.581 0.699 1.07 (0.30-3.69) 0.916 0.993 
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 Table 4-6 continued 

 

QTc = corrected QT interval; CI = confidence interval 
 

 

 

Gene SNP  Tested 
allele Frequency 

Max QTc QTc ≥500 Any Event 

Estimate (ms) 
(95%CI) 

p 
value 

q 
value 

Odds ratio 
(95% CI) 

p 
value 

q 
value 

Odds ratio 
(95% CI) 

p 
value 

q 
value 

KCNQ1 rs2283222 C 0.293 9.3(-14.2-32.9) 0.429 0.783 1.18 (0.45-3.05) 0.121 0.489 0.73 (0.23-2.28) 0.595 0.993 

SCN5A rs12053903 T 0.557 -7.9 (-29.0-13.2) 0.453 0.783 0.81 (0.35-1.89) 0.621 0.699 0.55 (0.2-1.53) 0.256 0.837 

SCN5A rs11720524 C 0.633 -8.0(-30.4-14.4) 0.476 0.783 0.86 (0.34-2.13) 0.735 0.764 0.72 (0.25-2.05) 0.546 0.993 

KCNQ1 rs12296050 T 0.244 -9.3 (-38.1-19.4) 0.516 0.783 1.40 (0.43-4.53) 0.316 0.619 0.45 (0.10-1.86) 0.272 0.837 

CXADR rs2824292 G 0.567 6.8 (-14.5-28.1) 0.523 0.783 1.07 (0.45-2.55) 0.881 0.373 1.96 (0.66-5.83) 0.222 0.837 

NOS1AP rs12143842 T 0.250 -8.4(-35.0-18.3) 0.531 0.783 0.45 (0.15-1.39) 0.166 0.498 2.13 (0.61-7.50) 0.235 0.837 

SCN5A rs41261344 T 0.089 -10.9 (49.6-28.1) 0.581 0.783 2.39 (0.47-12.08) 0.291 0.619 0.83 (0.12-5.86) 0.850 0.993 

NOS1AP rs16847548 C 0.222 -6.9 (-32.8-19.1) 0.596 0.824 0.42 (0.12-1.36) 0.147 0.495 2.19 (0.62-7.67) 0.220 0.837 

SCN5A rs1805124 A 0.782 7.3(-21.8-36.4) 0.618 0.824 1.37 (0.43-4.43) 0.596 0.699 2.12 (0.53-8.48) 0.287 0.837 

GPC5 rs3864180 A 0.465 -4.4 (-25.9-17.0) 0.677 0.862 1.00 (0.43-2.35) 0.995 0.995 1.08 (0.35-3.27) 0.889 0.993 

KCNE1 rs2242802 T 0.097 8.5(-39.5-56.6) 0.719 0.862 2.44 (0.34-17.15) 0.371 0.619 1.40 (0.20-9.59) 0.728 0.993 

SCN10A rs6795970 A 0.174 3.9(-22.8-30.6) 0.770 0.862 0.71 (0.24-2.09) 0.534 0.699 0.85 (0.25-2.96) 0.810 0.993 

PLN rs11153730 C 0.217 0.9 (-21.6-23.5) 0.934 0.994 0.77 (0.30-1.96) 0.584 0.699 1.13 (0.40-3.13) 0.815 0.993 

CASQ2 rs4074536 C 0.522 0.39(-22.8-23.6) 0.973 0.994 1.22 (0.48-3.09) 0.676 0.730 0.41 (0.13-1.30) 0.132 0.837 
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Supplementary Table 4-7 Results of adjusted Cox proportional hazards models for risk of 
death/RSCD in Caucasians 

continued following page 

  

Gene SNP Genotype Event/ 
No event, n Hazard ratio p 

value 
q 

value 

NOS1AP rs12143842 CC 4/106 1   
    TC 10/65 3.93 (1.18-13.13) 0.026 0.234 
    TT 6/17 10.15 (2.38-43.34) 0.002 0.045 
       
NOS1AP rs16847548 TT 7/79 1   
    CT 11/96 3.22 (1.09-9.55) 0.035 0.263 
    CC 4/23 8.57 (2.30-31.9) 0.001 0.045 
       
NOS1AP rs4657139 TT 5/69 1   
    AT 7/104 1.04 (0.29-3.77) 0.946 0.954 
    AA 9/27 5.73 (1.56-21.21) 0.009 0.101 
       
NOS1AP rs10494366 TT 5/63 1   
    GT 9/106 1.26  (0.37-4.27) 0.712 0.953 
    GG 8/30 4.07 (0.25-15.77) 0.043 0.276 
       
SCN5A rs12053903 CC 4/14 1   
    CT 5/63 0.39 (0.09-1.60) 0.189 0.785 
    TT 11/119 0.29 (0.07-1.01) 0.067 0.377 
       
SCN5A rs11720524 GG 2/27 1   
    CG 9/97 1.38 (0.29-6.58) 0.686 0.953 
    CC 7/58 1.77 ( 0.35-8.91) 0.486 0.879 
       
SCN5A rs1805124 GG 1/15 1   
    AG 11/78 1.83 (0.22-15.01) 0.575 0.879 
    AA 8/101 1.83 (0.23-15.00) 0.894 0.953 
       
ATP1B1 rs10919071 AA 17/152 1   
    GA or GG 5/42 1.36 (0.47-3.86) 0.570 0.879 
       
PLN rs11153730 TT 5/45 1   
    CT 10/97 1.49 (0.50-4.63) 0.481 0.879 
    CC 7/58 1.79 (0.19-3.34) 0.739 0.953 
       
PLN rs11970286 CC 5/42 1   
    CT 10/92 1.17 (0.41-3.36) 0.762 0.953 
    TT 7/64 0.63( 0.15-2.58) 0.582 0.879 
       
KCNQ1 rs12296050 CC 12/114 1   
    TC or TT 9/83 1.70 (0.64-4.47) 0.286 0.879 
       
KCNQ1 rs10798 AA 7/79 1   
    GA 11/69 1.43 (0.47-4.35) 0.526 0.879 
    GG 3/23 1.24 ( 0.23-6.70) 0.801 0.953 
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Table 4-7 continued

Gene SNP Genotype Event/ 
No event, n Hazard ratio p 

value 
q 

value 

KCNQ1 rs8234 AA 7/79 1   
    AG 13/97 1.55 (0.52-4.60) 0.425 0.879 
    GG 2/22 1.24 (0.23-6.67) 0.804 0.953 
       
KCNQ1 rs2283222 TT 7/77 1   
    TC 10/91 1.56 (0.55-4.46) 0.401 0.879 
    CC 1/27 0.93 ( 0.11-8.23) 0.954 0.954 
       
KCNE1 rs1805127 GG 10/96 1   
    GA 9/82 0.96 (0.43-2.14) 0.911 0.879 
    AA 2/19 1.44 (0.41-5.12) 0.568 0.953 
       
KCNE1 rs2242802 CC 4/74 1   
    TC or TT 4/16 2.21 (0.37-13.15) 0.380 0.879 
       
CXADR rs2824292 AA 9/43 1   
    GA 10/104 0.60 (0.21-1.73) 0.345 0.879 
    GG 3/52 0.47 (0.10-1.90) 0.293 0.879 
       
KCNH2 rs1805123 AA 14/123 1   
    CA or CC 8/75 1.08 (0.41-2.82) 0.874 0.953 
       
3’ KCNH2 rs3815459 GG 3/11 1   
    AG 9/79 0.62 (0.21-1.90) 0.409 0.879 
    AA 10/108 2.54 (0.63-10.29) 0.192 0.785 
       
KCNH2 rs4725982 CC 9/80 1   
    TC 8/62 0.60 (0.18-1.94) 0.391 0.879 
    TT 2/10 1.74 (0.34-8.88) 0.507 0.879 
       
CASQ2 rs4074536 TT 4/16 1   
    TC 6/85 0.33 (0.10-1.12) 0.076 0.380 
    CC 10/96 1.81 (0.48-6.88) 0.382 0.879 
       
SCN10A rs6795970 GG 3/23 1   
    GA 8/83 1.07 (0.12-3.02) 0.893 0.953 
    AA 11/94 2.31 (0.38-1.67) 0.223 0.836 
       

KCNE5 
  

rs697829 AA 10/70 1   
  female GA 10/73 1.19( 0.60-4.43) 0.795 0.953 
  GG 2/19 1.17 (0.21-6.60) 0.851 0.953 
      
rs697829 A 8/76 1   
  male G 3/45 1.23 (0.13-11.19) 0.853 0.953 

       
GJA1 rs9398652 CC 15/158 1   
    AC or AA 7/40 1.41 (0.49-4.09) 0.523 0.879 
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4.10 Additional analyses: Mutation location and risk of SCD 

Having explored the role of SNPs in the risk of SCD/RSCD in this cohort, following the publication of 

this manuscript we sought to determine the prevalence of other genotypic risk factors for SCD in  

our cohort of patients with LQTS. Patients with LQTS-causing mutations in particular sections of the 

proteins encoded by the genes KCNQ1 (KvLQT1, LQT1) and KCNH2 (Kv11.1 α-subunit, LQT2) 

have been shown to be at a higher risk than other genotype-positive patients. This work was 

presented as an abstract at the International Clinical Cardiovascular Genetics Conference, 

Brisbane. 6-8 August 2014 and the summarised results are presented below. 

 

KvLQT1 has 676 amino acids with an intracellular C-terminus region, 6 membrane-spanning 

segments with two cytoplasmic connecting loops (C-loops), and an intracellular N-terminus region. 

In women with LQT1, mutations within the C-loops have been associated with a greater risk of 

cardiac events (published hazard ratios range from 2 to 3).113 C-loop mutations modify how the 

KvLQT1 protein interacts with other subunits in the potassium channel and accessory proteins. This 

results in associations with adrenergic triggers (i.e. exercise or arousal), so patients with these 

mutations are particularly receptive to beta-blocker therapy.112 

 

Each α-subunit of Kv11.1 has 1159 amino acids with six transmembrane segments (S1 to S6) with 

the pore region (P-loop) found between S5 and S6. In males with LQT2, P-loop mutations confer an 

increased risk compared to other mutations (published hazard ratios from 2 to 11) 116-118, this is 

because the mutations in this region are more likely to have dominant negative effects.115  

 

We categorised the C-loop and P-loop mutations from patients with LQT1 and LQT2 in this cohort 

to ascertain their prevalence and explore whether they affected the risk of SCD. This analysis 

included 111 additional patients who were not included in the cohort for the current manuscript (they 

were excluded either because no DNA sample was available for SNP genotyping or they entered 

the registry subsequent to the SNP analysis being undertaken). Thus, 362 genotype positive 

patients were included, 234 with LQT1 and 128 with LQT2, with a median QTc of 478 (IQR 461, 

507) and 486 (460, 513) respectively (Table 4-8).  

 

Twenty LQT1 patients were female with C-loop mutations (14% of females with LQT1) (Table 4-8). 

There were 19 RSCD/SCD events in LQT1 patients, and two (11%) of these occurred in patients 

with C-loop mutations. One of these was an in-hospital cardiac arrest, and the other an out-of-

hospital cardiac arrest that occurred during a performance at a night club during the post-partum 

period, potentially an event with an adrenergic trigger. Post-partum events are usually more 

common in women with LQT2 than LQT1.478 
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Four LQT2 patients were male with P-loop mutations (7% of males with LQT2), and two of these 

patients had experienced SCD/RSCD. Both were sudden deaths at home, one aged 37 years and 

the other aged 23 years.  

 

The small numbers of patients with the high-risk mutations in the current analysis were insufficient 

to undertake any modelling of the potential hazard. Given the evidence in large international cohorts 

though, cardiologists should be aware of the important contribution of these features to risk 

stratification.112,118 All patients under the CIDG clinical service with LQT1 and a C-loop mutation 

were reviewed following this analysis to ensure beta-blocker treatment was being prescribed. 

 

Table 4-8 Clinical characteristics and mutation location in the Cardiac Inherited Diseases 
Group New Zealand long QT syndrome cohort 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
IQR = interquartile range; SCD = sudden cardiac death; C-loop = cytoplasmic loop; P-loop = pore loop; QTc = 
corrected QT interval 

 KCNQ1 KCNH2 

n  234 128 
Female, n (%) 141 (60) 74 (58) 
Age, median (IQR) 32 (17, 50) 31 (15, 47) 
Age at diagnosis  24 (11, 45) 23 (9, 40) 
Ethnicity, n, (%)   
   Caucasian 197 96 
   Maori/Pacific Islander 24 30 
   Other 13 2 
Most significant clinical event   
   Sudden death 5 8 
   Resuscitated SCD 14 7 
   Syncope 67 28 
   None 148 85 
ECG   
   QTc (median, IQR) 478 (461, 507) 486 (460, 513) 
   QTc ≥500 (%) 63 (27) 35 (27) 
   QTc ≥550 (%) 22 (9) 15 (12) 
Mutation position   
KCQN1:   N-terminus 7 (3) - 
                 Membrane spanning S1-S2 13 (6) - 
                 C-loop 31 (13) - 
                 Membrane spanning S5-S6 87 (37) - 
                 C-terminus 76 (32) - 
                 Intronic/Splice 20 (9)  
KCNH2:   N-terminus - 23 (18) 
                P-loop - 13 (10) 
                Transmembrane - 7 (5) 
                C -terminus - 80 (63) 
                Intronic/Splice  5 
“RISK” position 20 (9) 3 (2) 
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Published abstract: Earle N., Smith, W., Crawford, J., Love D., Hayes, I., Graham M., Donoghue 

T., Hood M., Stiles M., Skinner J. The prevalence of emerging genotypic risk factors in patients with 

long QT syndrome. Heart Lung Circ, Volume 23, Supplement 2, 2014, Page e9 
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POLYMORPHISMS IN ARRHYTHMIA GENES, 
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CARDIOMYOPATHY 
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5.1  Preface 

Hypertrophic cardiomyopathy has an estimated prevalence of at least 1 in 500 in the general 

population, and the existence of the ICD as an effective therapy to prevent SCD in these patients 

has meant that the identification of those at highest risk is of utmost priority.479  

 

As discussed in the preceding literature review, determining the risk of arrhythmias in patients with 

HCM has traditionally been based on clinical variables including LV wall thickness and a history of 

previous arrhythmic events.480 A family history of SCD is used for risk stratification but genetic 

information such as the disease-causing mutation is not currently utilised due to the multitude of 

culprit genes and a lack of genotype-phenotype correlations. The search for new risk factors to 

refine this process continues, with recent evidence suggesting a role for QTc duration.213 The 

effects of potentially arrhythmogenic SNPs on repolarisation time and the risk of SCD has until now 

not been explored.  

 

The aims of the research presented in this chapter were: 

 To describe the baseline characteristics and clinical predictors of SCD events (including 

SCD, resuscitated cardiac arrest and appropriate ICD shocks for VT or VF) in the 

collected cohort of New Zealand and Australian patients with HCM. 

 To explore the role of QTc duration in the risk of SCD events and describe the ECG 

repolarisation morphology in these patients. 

 To genotype a panel of SNPs within or near QT interval and arrhythmia-associated 

genes and test for assocations with QTc length and SCD events in the context of the 

clinical predictors of outcome. 

 
 
A modified version of the following manuscript was published in the Journal of Cardiovascular 

Electrophysiology in December 2015, Volume 26 (12), Pages 1346-1354. This independent cardiac 

electrophysiology journal has an impact factor of 3.2. 

 
 
Role of the candidate 

Nikki Earle helped develop the research question including selecting the SNPs to be investigated, 

gathered the relevant clinical data for the New Zealand patients, located DNA samples and 

prepared aliquots for genotyping, carried out all of the statistical analyses, led the interpretation of 

the results, and wrote the manuscript for publication. 
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5.2 Abstract 

Background: The accurate prediction of the risk of sudden cardiac death (SCD) in hypertrophic 

cardiomyopathy (HCM) remains elusive. Corrected QT interval (QTc) is a known risk factor in 

various cardiac conditions. Single nucleotide polymorphisms (SNPs) have been linked to QTc, and 

to SCD. Here we investigated the role of 21 candidate SNPs in QTc duration and SCD events in 

patients with HCM. 

 
Methods: This HCM registry-based study included patients with an ECG, medical history, first SCD 

event data and DNA available. Each individual SNP was assessed using logistic regression for 

associations with two outcomes: first SCD event (SCD, resuscitated cardiac arrest, and appropriate 

ICD shock for VF /VT) and a prolonged QTc (≥440ms). 

 
Results: In 272 HCM patients, there were 31 SCD events (8 SCD, 9 resuscitated cardiac arrest, 14 

ICD shocks for VF/VT) (11%). A QTc ≥500ms was associated with SCD events on multivariate 

analysis [OR = 4.0, 95%CI 1.19-12.02, p = 0.016]. In 228 Caucasian patients, two SNPs in the 

NOS1AP gene (rs10494366 and rs12143842) were associated with a QTc ≥440ms after correction 

for multiple testing.  This remained significant after adjustment for current age, sex and left 

ventricular wall thickness [OR 1.75 per copy of the minor allele, 95%CI 1.17-2.66, p = 0.008, and 

OR 1.82, 95%CI 1.19-2.84, p = 0.006 respectively]. No SNPs were directly associated with SCD 

events. 

 
Conclusion: Marked QTc prolongation is a risk factor for SCD in patients with HCM. SNPs in the 

NOS1AP gene influence QTc interval duration but we have not demonstrated a direct association 

with the risk of SCD. 
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5.3 Introduction 

Hypertrophic cardiomyopathy (HCM) is an autosomal dominant genetic disorder of the cardiac 

muscle and is a major cause of sudden cardiac death (SCD) in young adults, with an estimated 

prevalence of at least 1 in 500 in the general population.480 Ventricular arrhythmias lead to SCD 

with an incidence of around 0.5-1.0% per year in patients with HCM, thus much importance is 

placed on identification of those at highest risk who are most likely to benefit from an implantable 

cardioverter defibrillator (ICD).479  

 

Current guidelines to identify those patients with HCM at risk of SCD utilise clinical, family history 

and echocardiographic criteria. Traditionally, prior cardiac arrest, a family history of SCD, recent 

unexplained syncope, a maximum left ventricular wall thickness (LVWT) ≥30mm, documented non-

sustained ventricular tachycardia (NSVT), and an abnormal blood pressure response during 

exercise are considered risk factors for SCD in HCM.197,209 Following a recently published risk 

prediction model based on 3,675 patients with HCM,212 the 2014 guidelines from the European 

Society of Cardiology (ESC) also include age at presentation and left atrial diameter in the risk 

stratification model and exclude abnormal blood pressure response.200 Regardless of the risk model 

used, the role of clinical judgment in this decision is emphasised. 

 

The new ESC guidelines have improved discriminatory power. With the previous guidelines, most 

patients treated with an ICD did not receive appropriate therapy in the short to medium term.481 

Conversely many who died suddenly would not have been recommended for intervention.208 

However, the risk prediction model upon which the new guidelines are based only considered risk 

factors previously examined in multiple survival studies, and the C-index of 0.70 (95% CI 0.68-0.72) 

during validation indicates other risk factors for SCD exist which are as yet unknown.212  Recent 

studies suggest SCD still occurs in apparently “low risk” HCM populations in the absence of any of 

the known conventional risk factors.482 As well as other emerging SCD risk factors (i.e. multiple 

gene mutations and extent of myocardial fibrosis) there is increasing evidence to suggest a role for 

electrocardiographic (ECG) features in risk stratification.213,483 In particular, prolongation of the QTc 

interval was recently shown to predict appropriate ICD therapy in HCM.213 

 

Single nucleotide polymorphisms (SNPs), particularly in the NOS1AP gene, have recently been 

shown to be associated with QT prolongation and increased risk of SCD in the general population 

and particularly in those with long QT syndrome.356,466 We aimed to explore repolarisation 

morphology, QTc length and the risk of SCD events in a cohort of patients with HCM. In particular, 

we sought to investigate the role of SNPs located near or within QT interval and arrhythmia-

associated genes, and the potential for these to be used as novel risk factors for SCD in this patient 

group. This is the first investigation of arrhythmia-related SNPs in patients with HCM, with SNP 

studies to date focusing on causes of variability in the level of ventricular hypertrophy. 
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5.4 Methods 

Study population: 
The study population was derived from patients who have provided DNA samples to either the 

Hypertrophic Cardiomyopathy Centre (Sydney, Australia) (n = 208) or the New Zealand (NZ) 

Cardiac Inherited Diseases Registry (n = 88). All patients were unrelated probands, and had 

measurable ECG and echo data available. The diagnosis of HCM was based on the presence of a 

non-dilated and hypertrophied left ventricle (LVWT ≥15mm) on 2D transthoracic echocardiography, 

in the absence of other loading conditions such as hypertension or aortic stenosis.209 Ethnicities 

were obtained from either self-reported NZ Health Information Service records or from patient 

medical records and self-report in Australia. Patients with a recent history of amiodarone or sotalol 

administration at the time of the ECG were excluded due to the effect of these drugs on 

repolarisation. The study was approved by the appropriate ethics committees and all participants 

provided written, informed consent. 

 

Clinical data: 

ECG, echocardiographic and medication data were recorded in registry and hospital databases as 

part of routine clinical follow-up. Echocardiography was performed at several hospitals as part of 

clinical care; the maximum LVWT and presence of left ventricular outflow tract obstruction were 

recorded. Data regarding abnormal blood pressure response were not available for the majority of 

the patients in this cohort so this variable was excluded. The outcome variable was defined as SCD 

events, including SCD, resuscitated cardiac arrest and appropriate ICD therapy due to VT or VF 

(shock therapy only). For patients with multiple SCD events, the first event was recorded. ICD 

events were categorised as appropriate by the managing clinician following review of the stored 

intracardiac electrograms. 

 

The most recent ECG available from clinical follow-up was used, and all ECGs were measured 

manually by the senior author (JS) to reduce measurement variability. The QT interval was 

measured in leads II and V5, using the tangent technique.403 Initially the longest interval of leads II 

and V5 was taken as representative, and subsequently the lead II measurement only was used. 

The Bazett’s formula was used to correct for heart rate (QTc=QT/√RR), and QTc was dichotomised 

with ≥440ms equalling prolonged.213 

 
SNP selection and genotyping: 

Twenty one SNPs were selected from genome-wide association studies (GWAS) and candidate 

gene studies following a comprehensive literature search. Selected SNPs had published 

associations with ECG parameters in healthy populations (11 SNPs), SCD or cardiac arrest in 

population studies (9 SNPs), or arrhythmia risk in patients with ion channelopathies (1 SNP) 

(Supplementary Table 5-3). These SNPs had a minor allele frequency of >1% in the HapMap 

Caucasian CEU population, and were not in strong linkage disequilibrium with each other (r2<0.6). 
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Two SNPs were excluded as they were not in Hardy-Weinberg equilibrium, rs10919854 and 

rs6730157, resulting in a final analysis of 19 SNPs from 15 genes. 

 

Genomic DNA was extracted from whole blood samples using the Gentra Puregene DNA Extraction 

Kit (NZ) or the Qiagen QIAamp DNA Mini Kit (Australia) according to the manufacturer’s instructions 

(Qiagen Pty Ltd, Dusseldorf, Germany), and stored at -80°C. Primers were designed using the 

online mySequenom assay designer suite software (https://www.mysequenom.com). Stocks were 

diluted to a concentration of 10ng/µL and genotyping was performed at the Liggins Institute 

(University of Auckland, NZ) in multiplex using Sequenom MassARRAY iPLEX assays.433 

 
Statistical methods: 

Baseline characteristics of groups were compared using the chi-squared or Fisher’s exact test when 

appropriate for categorical variables, and the t-test or Wilcoxon rank sum test when appropriate for 

continuous variables. Hardy-Weinberg equilibrium was assessed using an exact test (SNPs with 

p<0.001 were excluded). QTc duration was assessed for association with SCD events using logistic 

regression. 

 

The minor alleles of selected SNPs were tested for associations with two outcomes using logistic 

regression: 1) first SCD events and 2) prolonged QTc (≥440ms). All SNP analyses used an additive 

genetic model, and SNPs with significant univariate associations were added individually to 

multivariable models with pre-specified clinical predictors (current age, sex, and maximum LVWT). 

Multiple testing was accounted for using a false discovery rate (FDR); the SNPs were pre-selected, 

and we utilised an FDR of 20% (a q value threshold of 0.20). A q value is an adjusted p value 

created using the FDR approach, that assumes up to 20% of the SNPs identified as having 

significant associations may be false positives. No standard q value threshold exists for genetic 

association studies, though 0.20 is consistent with similar studies using candidate SNP selection.438 

SNP analyses were carried out only in Caucasians (n=228), to reduce to potential for confounding 

from population stratification. 

 

As QRS prolongation will in turn cause prolonged myocardial repolarisation, a sensitivity analysis 

excluding patients with prolonged QRS duration (>120ms) was performed for any significant 

associations.  

 

This cohort included 63 patients from a previous analysis by Gray et al. which showed that a 

prolonged QTc predicted appropriate ICD therapy.213 To ensure an independent replication in our 

cohort, as a sensitivity analysis we tested for association between QTc and SCD events excluding 

these patients. 

 

Analyses were carried out using R programming language version 3.1.0, with the R package  

“qvalue” used for the FDR.469  
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5.5 Results 

After the exclusion of 24 patients on amiodarone or sotalol, 272 patients remained in this study 

(Figure 5-1). Thirty-nine percent were female, the mean age was 55 years (SD 17), and the mean 

age at diagnosis was 41 years (SD 18) (Table 5-1). There were 31 SCD events amongst this patient 

group: 8 SCD, 9 resuscitated cardiac arrests and 14 appropriate ICD discharges for VT or VF. Of 

the 31 patients with events, 12 (40%) did not have traditional SCD risk factors for which an ICD 

would usually be recommended (Table 5-1). Ninety six (35%) patients had an ICD implanted, and 

56% of the cohort had undergone clinical genetic testing with a pathogenic mutation identified in 75 

patients (50% of those screened). Sixty different mutations were identified in the genes MYH7, 

TNNI3, TCAP, TNNT2, MYH7, ACTN2 and MYBPC3 (Supplementary Table 5-4). 

 
 

 

Figure 5-1 Derivation of the study cohort for the clinical and genetic analyses 

 

Patients who had experienced SCD events were younger, had a younger age at diagnosis, and 

were more likely to have had genetic testing (Table 5-1). Patients with one or more of the four 

traditional risk factors for SCD (for which we had data) were more likely to have experienced SCD 

events (p=0.036). Individually the four risk factors did not reach statistical significance in association 

with SCD events on univariate analysis: LVWT ≥30mm (p = 0.088) previous NSVT (p=0.080), prior 

syncope (p=0.091), and family history of SCD (p = 0.132), though LVWT showed significant 

association when treated as a continuous variable (p=0.039).  

  

Hypertrophic cardiomyopathy  patients with DNA, 
echocardiographic and ECG data available

n = 296

Patients included in clinical analyses
n = 272

Caucasian patients included in genetic analyses
n = 228

Amiodarone or sotalol at time of ECG
n = 24

Non-Caucasian ethnicity
n = 44
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Table 5-1 Clinical characteristics of the study population 

 
Values are mean (SD), n (%), or med (IQR).  SCD = sudden cardiac death; NZ = New Zealand; ICD =implantable 
cardioverter defibrillator; NSVT = non-sustained ventricular tachycardia; LVWT = left ventricular wall thickness;  
LVOT = left ventricular outflow tract; QTc = corrected QT interval; SD = standard deviation; IQR = interquartile range 
 
 
 

 

 Total SCD event No SCD event p value 

N 272 (100) 31 (11) 241 (89) - 
Age 55 (17) 50 (16) 56 (17) <0.001 
Age at diagnosis 41 (18) 32 (15) 42 (18) 0.001 
Female 107 (39) 13 (42) 94 (39) 0.905 
Ethnicity      
  Caucasian 228 (84) 26 (84) 202 (84) - 
  Asian 19 (7) 3 (10) 16 (7) - 
  NZ Maori/Pacific Islander 10 (4) 1 (3) 9 (4) - 
  Other/Unknown 15 (6) 1 (3) 14 (6) - 
ICD implanted 96 (35) 24 (77) 72 (30) - 
Genetic testing completed 149 (56) 23 (81) 126 (52) <0.001 
Gene positive (if tested) 75 (50) 16 (69) 59 (47) 0.075 
Echocardiography:     
  Max LVWT, mm, 20 (7) 23 (8) 21 (6) 0.039 
  LVOT obstruction at rest 78 (29) 7 (26) 71 (29) 0.625 
SCD Risk factors:     
  Prior syncope 51 (19) 10 (32) 42 (17) 0.091 
  Family history SCD 34 (13) 6 (19) 29 (12) 0.132 
  LVWT ≥30mm 25 (9) 9 (19) 20 (9) 0.088 
  Documented NSVT 53 (19) 10 (29) 41 (17) 0.080 
≥1 risk factor 121 (44) 19 (60) 102 (42) 0.036 
ECG (leads II and V5)     
  Longest QTc of II and V5, ms 445 (420,471) 442 (420,470) 453 (424,484) 0.299 
  QTc ≥440ms 145 (53) 20 (68) 125 (52) 0.255 
  QTc ≥500ms 34 (12) 7 (23) 27 (11) 0.110 
  QRS duration, ms 100 (90,112) 104 (97,118) 100 (90,111) 0.434 
  QRS duration >120ms 29 (11) 3 (10) 26 (11) 0.751 
ECG (lead II only)     
  QTc≥440  109 (40) 14 (45) 95 (39) 0.675 
  QTc≥500 16 (6) 5 (16) 11 (5) 0.030 
SCD Events     
  Resuscitated cardiac arrest 9 (3) 9 (29) 0 - 
  Appropriate ICD discharge 14 (5) 14 (45) 0 - 
  SCD 8 (3) 8 (26) 0 - 
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QTc and repolarisation morphology 

The measurement of the QT interval was challenging for two reasons: 1) complex repolarisation in 

V5, where 66 patients (24%) had a strain pattern with a long T-U complex, and 2) low amplitude T 

wave morphology in lead II, with 43 (16%) patients displaying this (Figure 5-2). 

 

 

 
 

 
Figure 5-2 Three lead ECGs from three different patients with HCM 

A) The T wave is flat in lead II. The end of the T wave can be better defined by the use of 
leads I and III.  B) The T waves are flat in all limb leads and the end of the T wave is 
estimated. It is possible that repolarisation is much longer. C) Two possible ends of the QT 
interval are marked. The end of repolarisation is much later than the upstroke of the inverted 
T wave where it crosses the isoelectric line. 
 

 

 

 

 

 

 

End of the T wave in lead II  
was defined by leads I and III 

Possible ends of T wave  
120ms difference 

Flat T waves in I, II, and III  
makes defining the end of the  

T wave very challenging 

 A  B  C 
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Using the longest QTc of leads II and V5, the recommended method for QT interval 

measurement,403 a QTc ≥440ms was not associated with SCD events in this cohort (OR 1.69, 

95%CI 0.79-3.79, p=0.188). To remove the influence of the strain pattern in V5 we also tested the 

QTc measurements from lead II only, and although a QTc ≥440ms was again not associated with 

SCD events, marked QTc prolongation of ≥500ms was significantly associated (OR 4.02, 95%CI 

1.19-12.02, p = 0.016). This persisted on multivariable adjustment for current age, sex and 

maximum LVWT (OR 4.21, 95%CI 1.22-12.97, p = 0.015), when 29 (11%) patients with a prolonged 

QRS duration (>120ms) were excluded (OR 5.17, 95%CI 1.00-22.23, p = 0.032), and when the 63 

(23%) patients who were part of the previous study by Gray et al. were excluded (OR 4.90, 95%CI 

1.15-18.14, p = 0.021). 

 

SNP associations with prolonged QTc 
The minor allele of the SNPs rs10494366 and rs12143842 in the NOS1AP gene were significantly 

associated with QTc ≥440ms in a univariate analysis following correction for multiple testing (OR 

1.65 per copy of the minor allele, 95%CI 1.09-2.39, p=0.018, q=0.171 and OR 1.66, 95%CI 1.11-

2.52, p = 0.014, q = 0.171 respectively; Table 5-2, Supplementary Table 5-5). These associations 

remained significant on multivariable analysis adjusting for age, sex and maximum LVWT (OR 1.75, 

95%CI 1.17-2.66, p = 0.008, and OR 1.82, 95%CI 1.19-2.84, p = 0.006 respectively) (Table 5-2), 

and following the exclusion of patients with QRS duration >120ms. 

 

SNP associations with SCD  
None of the 19 SNPs were significantly associated with SCD events following correction for multiple 

testing. One SNP, rs3815459 from the potassium channel gene KCNH2, showed a trend towards 

association with a decreased risk (OR 0.40, 95%CI 0.15-0.94, p = 0.047, q = 0.700) 

(Supplementary Table 5-5). 

 

Table 5-2 Univariate and multivariate analysis testing for associations between QTc ≥440ms 
and the NOS1AP SNPs rs10494366 and rs12143842 

 
OR = odds ratio; CI = confidence interval; LVWT = left ventricular wall thickness 

 Univariate Multivariate 
Variable OR (95% CI) p value q value OR (95% CI) p value 

rs10494366 1.65 (1.09-2.39) 0.018 0.171 1.75 (1.17-2.66) 0.008 

Age (years) - - - 1.00 (0.99-1.01) 0.261 

Sex (male) - - - 0.71 (0.40-1.25) 0.233 

Max LVWT (mm) - - - 1.07 (1.02-1.12) 0.007 

rs12143842 1.66 (1.11-2.52) 0.014 0.171 1.82 (1.19-2.84) 0.006 

Age (years) - - - 1.00 (0.99-1.00) 0.241 

Sex (male) - - - 0.72 (0.40-1.29) 0.270 

Max LVWT (mm) - - - 1.07 (1.02-1.13) 0.005 



 

 117 

5.6 Discussion 

In this cohort of 272 patients with HCM, 11% experienced SCD events despite known risk factors 

being absent in nearly half of these cases. Two SNPs in the NOS1AP gene were associated with 

QTc prolongation and a QTc ≥500ms in lead II indicated a four-fold increased risk of cardiac arrest. 

However, none of the 19 SNPs tested were directly associated with SCD events. 

 

Clinical predictors of SCD and cardiac arrest 

Of the traditional risk stratifiers for SCD (for which we had data available), patients with one or more 

risk factor were more likely to have experienced SCD events. No single risk factor alone was 

associated with SCD events, possibly due to a lack of statistical power to detect these associations.  

A significant association between QTc duration and SCD events in this cohort was present when 

measuring lead II and when dichotomising QTc at 500ms (but not at 440ms), persisting when the 63 

patients who were part of the previous study by Gray et al. were excluded.213 In the prior study, a 

QTc of 439ms had the greatest sensitivity and specificity for predicting events. However, because 

only patients with ICDs implanted were included, it is possible this was a more homogenous group 

at a high risk of events, accounting for the stronger association.  

 

Assessment of repolarisation 

Meaningful assessment of QTc length proved challenging. No guidelines exist for QT measurement 

in patients with HCM, unlike in long QT syndrome. Even in long QT syndrome, there is no 

internationally accepted method, with the two most popular being 1) defining the end of the T wave 

as the zero crossing point,484 and 2) the tangent method.403 However, these methods can result in 

quite different values.  In advanced HCM, strain patterns in the lateral chest leads are common. 

This can result in a T-U complex which may have three or four phases, usually going down 

gradually, rising quickly up above the isoelectric point and then down again. In the current cohort of 

patients, the amplitude of this last phase was sometimes as big as the downward deflection.  

Defining the end of the T wave at either the upward zero crossing point or the later downward one 

can result in differences of 100ms or more (Figure 5-2). A subgroup also had very low amplitude T 

waves in the limb leads. When it was not possible to define the end of the T wave with certainty, 

leads I and III were used as guidance when feasible. Our impression was that focusing on lead II 

would at least give more consistent results, though we had no way of knowing whether this had 

more or less clinical meaning than in the lateral chest leads. In another study where QT was 

measured, details of where and how QT measurement was made were not supplied, but that study 

also showed that a prolonged QTc was a significant risk factor for cardiac arrest, especially in 

males.483 

 

The role of SNPs in QTc length and risk stratification for SCD 
Two SNPs in the NOS1AP gene were associated with a prolonged QTc (≥440ms) on multivariable 

analysis (rs12143842 and rs10494366). These SNPs are in non-coding regions of the gene (the 5' 

untranslated region and intron 1 respectively), and are not in strong linkage disequilibrium.  
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Variants in the gene NOS1AP have consistently been associated with QT interval length and SCD 

in a range of different populations and patient groups, including in general population studies,356 

long QT syndrome,466 and coronary artery disease.292 The published associations with SCD are 

somewhat surprising considering the small effect sizes of these SNPs on the QT interval (estimated 

at 3.5ms for rs12143842, the strongest signal in the most recent large QT interval GWAS364), and 

suggest a potential role for such SNPs in arrhythmia risk that is additional to their role in myocardial 

repolarisation time. In our own study of the influence of NOS1AP in long QT syndrome, we found a 

tenfold increased hazard ratio for cardiac arrest for patients homozygous for the NOS1AP SNP 

rs12143842, but did not demonstrate a link to QTc length. A recent paper identified another non-

coding SNP in the NOS1AP gene, rs7539120, as the likely functional variant.368  Kapoor et al. show 

the NOS1AP protein can be localised to intercalated discs within cardiomyocytes and propose a 

role in regulating ion flow across the gap junctions.  

 

In our current study, no SNPs were significantly associated with SCD events. Given the previous 

strong associations with the risk of SCD for many of these SNPs across different patient groups and 

disease types, the hypothesis of a role for these modifiers in SCD risk for patients with HCM was 

justified. Two NOS1AP SNPs were associated with QTc length but not SCD events in the current 

study. Sudden cardiac death events are a rare consequence of a number of factors, so any 

influence of these SNPs may have been overwhelmed by the clinical impact of the structural heart 

disease in these patients. Re-entrant arrhythmias in patients with HCM are based on 

arrhythmogenic substrates including myocardial fibrosis and myocyte disarray.485,486 It is 

understandable that in this context, arrhythmogenic SNPs may only play a minor role where a larger 

study would be required to see such statistical differences. 

 

We could postulate that for SNPs identified as affecting arrhythmia risk, there is gradient of risk 

depending on the relevant background cardiac condition. Repolarisation reserve is the concept 

where repolarisation is occurring through several inward and outward currents, some of which are 

partially redundant in a healthy heart.317 In patients with an inherited primary arrhythmia syndrome 

such as long QT syndrome, repolarisation reserve is reduced by the effects of their long QT 

syndrome-causing mutation, meaning the disease-modifying SNPs could have significant 

consequences. In contrast, in patients with severe structural heart disease, these SNPs may be 

less important and less likely to be of use in risk stratification for ICD intervention to prevent SCD. 

5.7 Limitations 

This is a mixed cohort with varying disease severity and causative mutations in different genes 

(where the mutation is known). The effects of disease-modifying SNPs can be more difficult to 

detect in a heterogenous population, but this must be weighed against the need for a large enough 

sample size. While we included all eligible available patients, an increased sample size may have 

increased the statistical power to detect associations. This study was exploratory with a selected 
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panel of candidate SNPs. Though none were significantly associated with SCD events, this cannot 

be generalised to all arrhythmia-related SNPs in patients with HCM.  

 

Depending on the study population and the heart rate correction formula used, different upper 

normal limits have been applied to the QTc interval. Current ECG recommendations state that limits 

of 460ms for women and 450ms for men are a practical compromise.176 We used a threshold of 

440ms as the prior publication from Gray et al identified a QTc of 439ms as having the highest 

specificity and sensitivity for predicting appropriate ICD therapy in patients with HCM.213 

 

Finally, to avoid potential problems with confounding due to different allele frequencies, the genetic 

analyses were carried out only in Caucasians with 16% of the cohort therefore excluded. Thus, the 

results cannot be generalised to people of non-Caucasian ethnicity.  

5.8 Conclusions 

This study has confirmed that a QTc interval ≥500ms is a novel risk factor for SCD events in HCM. 

It also showed that NOS1AP SNPs were associated with QTc interval length, but none of the tested 

SNPs demonstrated a direct association with the risk of SCD. The QTc prolongation and arrhythmia 

risk in patients with HCM may have multiple determinants including the abnormal architecture and 

cardiac ischemia. These factors may overwhelm any possible influence of arrhythmic SNPs which 

might be detected in larger cohorts. 
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5.10 Supplementary material 

Supplementary Table 5-3 SNPs genotyped in Caucasian patients with hypertrophic cardiomyopathy with the minor allele, its frequency and first 
previously reported association 

 

continued following page 
 

Closest  
gene Name SNP    Minor 

allele 
First reported 

association with minor 
allele 

Allele 
frequency 

4q25 Located upstream of PITX2 
rs2200733359 
rs10757274 T ↑ Risk of SCD 0.14 

ADRB2 Adrenoceptor Beta 2 rs1042714348,349,487 G ↓ Risk of SCD 0.40 

ATP1B1 ATPase, Na+/K+ transporting, beta 1 polypeptide rs10919071361,362 G ↓ QT interval 0.12 

C14orf64 chromosome 14 open reading frame 64 rs876188410 G ↑ Risk of subsequent death 
after cardiac arrest 

0.24 

CASQ2 calsequestrin 2 (cardiac muscle) rs4074536 C ↑ QT interval: unpublished 0.35 

CASQ2 calsequestrin 2 (cardiac muscle) rs7366407292 A ↑ Risk of SCD 0.30 

CASQ2 calsequestrin 2 (cardiac muscle) rs7521023295 G ↑ Risk of SCD 0.38 

CAV1 caveolin 1, caveolae protein, 22kDa rs3807989412 A ↑ PR interval 0.43 

KCNH2 potassium voltage-gated channel, subfamily H (eag-related), 
member 2 rs3815459412,417,418 A ↑ QT interval 0.27 

KCNQ1 potassium voltage-gated channel, KQT-like subfamily, 
member 1 rs207423899 T ↓ QT interval 0.07 

KCNQ1 potassium voltage-gated channel, KQT-like subfamily, 
member 1 

rs2283222353 C ↓ Risk of SCD 0.29 
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Table 5-3 continued 
 

 

SCD = sudden cardiac death; LQTS = long QT syndrome

Closest  
gene 

Name SNP    Minor 
allele 

First reported association 
with minor allele 

Allele 
frequency 

NDRG4;GINS3 NDRG family member 4 rs37062361,362 G ↓ QT interval 0.32 

NOS1AP nitric oxide synthase 1 (neuronal) adaptor protein rs1049436691,357,360,422  G ↑ QT interval 0.42 

NOS1AP nitric oxide synthase 1 (neuronal) adaptor protein rs10919854 91,357,360,422 G ↑ QT interval 0.40 

NOS1AP nitric oxide synthase 1 (neuronal) adaptor protein rs12143842 91,357,360,422 T ↑ QT interval 0.32 

NRG1 Neuregulin 1 rs10503929355 C ↑ Risk of SCD 0.15 

PLN phospholamban rs11153730 361,362,373 C ↑ QT interval 0.38 

RAB3GAP1 RAB3 GTPase activating protein subunit 1 (catalytic) rs6730157299 G ↑ Risk of SCD 0.48 

SCN10A sodium channel, voltage-gated, type X, alpha subunit rs6795970334,419,427 A ↑ Conduction time 0.36 

SCN5A sodium channel, voltage-gated, type V, alpha subunit rs1805124156,488 G Genetic modifier in LQTS 
patients 

0.22 

ZNF365 Zinc Finger Protein 365 rs2077316299 G ↑ Risk of SCD 0.04 
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Supplementary Table 5-4 Pathogenic hypertrophic cardiomyopathy-associated mutations 
identified in this patient cohort 

Gene  Mutation n 

  MYH7 

Lys146Asn 2 
Val186Leu 3 
Glu192Lys 1 
Arg453Cys 1 
Met493Lys 1 
Met515Thr 1 
Val606Met 3 
Leu650Pro 1 
Arg663His 1 
Val698Ala 1 
Arh719Gln, Arg273His 1 
Ile736Thr 1 
Ala797Thr 2 
Leu908Val 1 

   

  TNNI3 

Glu123Gln 2 
Arg162Gln 1 
Arg162Pro 1 
Leu198Pro 1 
Arg204His 1 

   

  TCAP 
Glu105Gln 1 
Arg106Cys 2 
Arg495Gly 1 

   

  TNNT2 

Arg140Cys 1 
Glu173del 1 
Glu195fs 1 
Arg278Cys 1 
851+1G>C splice (intron) 1 

   

  ACTN2 Glu628Gly 1 
Glu583Ala 1 

   

  MYL2 162DelGly 1 
 
continued following page 
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Table 5-4 continued 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene  Mutation n 

MYBPC3 

Asn53MetfsX61 1 
Glu258Lys 1 
Leu299Fs 1 
Pro300Thr 1 
Pro457Fs 1 
Arg495Gln 1 
Arg502Trp 7 
Leu527Pro 1 
Glu542Gln, Ala851Val 1 
Ile637Asn 1 
Arg733Cys, IVS21-2A>G 1 
Asp745Gly, Pro873His 1 
Asp770Asn 1 
Trp792fs 1 
Arg816Gln 1 
Gly912fs 1 
Arg943* 1 
Thr957Ser 1 
Gln1233Ter 1 
c.2864delCT 1 
c.3190+5G>A 1 
IVSg20835G>T 1 
IVS13-19G>A 1 
IVS18+4A>T 1 
IVS14+1 1 
IVS29+5 1 
IVS17+1G>A 1 
IVS18+4A>T 2 
IVS24+1G>A 1 
3’UTR+230DelA 1 
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Supplementary Table 5-5 Univariate logistic regression models for SCD/cardiac arrest and QTc ≥440ms with correction for multiple testing with a 
false discovery rate threshold of 0.20 

  Sudden cardiac death/cardiac arrest QTc ≥440ms 

SNP Gene Odds ratio (95% CI) p value q value Odds ratio (95% CI) p value q value 

rs1042714 ADRB2 1.19 (0.68-2.07) 0.548 0.910 0.93 (0.65-1.33) 0.694 0.960 

rs10494366 NOS1AP 0.98 (0.53-1.79) 0.960 0.993 1.60 (1.09-2.39) 0.018 0.171 

rs10503929 NRG1 0.81 (0.34-1.77 0.622 0.910 0.68 (0.41-1.12) 0.130 0.679 

rs10919071 ATP1B1 1.11 (0.61-3.03) 0.363 0.910 0.74 (0.42-1.29) 0.291 0.790 

rs11153730 PLN 1.00 (0.56-1.85) 0.989 0.993 1.12 (0.77-1.63) 0.565 0.960 

rs12143842 NOS1AP 0.86 (0.43-1.59) 0.637 0.910 1.66 (1.11-2.52) 0.014 0.171 

rs1805124 SCN5A 1.00 (0.49-1.91) 0.993 0.993 0.92 (0.60-1.41) 0.707 0.960 

rs2074238 KCNQ1 1.35 (0.44-3.46) 0.562 0.910 0.59 (0.29-1.19) 0.143 0.679 

rs2077316 ZNF365 2.31 (0.75-6.17) 0.110 0.733 0.96 (0.42-2.23) 0.913 0.964 

rs2200733 4q25,upstream of PITX2 1.28 (0.46-3.04) 0.599 0.910 1.00 (0.54-1.88) 0.997 0.997 

rs2283222 KCNQ1 1.37 (0.69-2.50) 0.321 0.910 0.92 (0.59-1.42) 0.699 0.960 

rs37062 NDRG4; GINS3 0.83 (0.41-1.58) 0.586 0.910 1.04 (0.69-1.56) 0.852 0.964 

rs3807989 CAV1 0.97 (0.52-1.71) 0.917 0.993 0.79 (0.54-1.16) 0.223 0.719 

rs3815459 KCNH2 0.40 (0.15-0.94) 0.047 0.700 0.95 (0.57-1.57) 0.826 0.964 

rs4074536 CASQ2 1.69 (0.96-2.98) 0.070 0.700 1.26 (0.87-1.83) 0.227 0.719 

rs6795970 SCN10A 1.04 (0.53-1.90) 0.893 0.993 0.97 (0.65-1.44) 0.88 0.964 

rs7366407 CASQ2 1.34 (0.69-2.54) 0.371 0.910 1.11 (0.73-1.70) 0.632 0.960 

rs7521023 CASQ2 0.63 (0.32-1.20) 0.172 0.860 1.09 (0.74-1.61) 0.667 0.960 

rs876188 C14orf64 1.44 (0.71-2.77) 0.287 0.910 1.10 (0.70-1.76) 0.679 0.960 
 

QTc = corrected QT interval; CI = confidence interval 
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6.1 Preface 

Much of the knowledge around the genetic basis of arrhythmias and SCD has been gained through 

research into inherited cardiac disorders such as LQTS. In contrast, identifying genetic risk factors 

for SCD in patients with acquired cardiovascular disease has proved more challenging due to the 

multiple aetiologies and polygenic nature, though recent GWAS studies have made some progress 

with several SNP associations identified. 

 

Acute coronary syndromes (ACS) include ST-elevation MI, non-ST elevation MI and unstable 

angina, and patients experiencing these events are at an increased risk of subsequent SCD. Risk 

stratification to identify patients at the highest risk currently relies mainly on LV ejection fraction, 

though this is an imperfect strategy and additional markers of risk are needed. The Coronary 

Disease Cohort Study (CDCS) recruited patients surviving a hospital admission for ACS and 

followed them for a median of five years, with three outpatient assessments at 1 month, 4 months 

and 12 months post-discharge (the data from the 4 month assessment were not included in this 

manuscript). We used our previous analyses in patients with inherited cardiac disorders as a model 

for investigating the potential uses of arrhythmogenic SNPs to improve risk stratification for SCD in 

these patients with acquired cardiovascular disease. 

 

The aims of the research presented in this chapter were: 

 To describe the clinical, echocardiographic and neurohormonal characteristics of the CDCS 

patient cohort at baseline and at 1 month post ACS, and the clinical predictors of 

SCD/cardiac arrest (CA). 

 To describe changes in repolarisation over the 12 months following hospital admission for an 

ACS. 

 To genotype a panel of potentially arrhythmogenic SNPs and test for associations with 

prolonged repolarisation and SCD/CA in the context of the clinical predictors of outcome. 

 To undertake exploratory data analysis around repeated measures of QTc and their relation 

to SCD/CA events using joint modelling approaches. 

 

In December 2014 the following manuscript was published in the American Heart Journal, Volume 

169 (4), Pages 579-586. The American Heart Journal is a general cardiology journal and has an 

impact factor of 4.6 (2014). 

 

The manuscript is followed by further related analysis (the joint modelling of repeated measures of 

QTc) that was carried out subsequent to manuscript submission. 
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6.2 Abstract 

Background: There is a genetic contribution to the risk of ventricular arrhythmias in survivors of 

acute coronary syndromes (ACS).  We wished to explore the role of 33 candidate single nucleotide 

polymorphisms (SNPs) in prolonged repolarisation and sudden death in patients surviving ACS. 

 

Methods: Two thousand one hundred and thirty nine patients (1680 Caucasian ethnicity) surviving 

an admission for ACS were enrolled in the prospective Coronary Disease Cohort Study. Extensive 

clinical, echocardiographic and neurohormonal data were collected for 12 months, and clinical 

events recorded for a median of 5 years. Each SNP was assessed for association with sudden 

cardiac death (SCD)/cardiac arrest (CA) and prolonged repolarisation at three time-points: index 

admission, 1 month, and 12 months post-discharge. 

 

Results: One hundred and six SCD/CA events occurred during follow-up (6.3%). Three SNPs from 

three genes (rs17779747 [KCNJ2], rs876188 [C14orf64], rs3864180 [GPC5]) were significantly 

associated with SCD/CA in multivariable models (after correction for multiple testing); the minor 

allele of rs17779747 with a decreased risk (hazard ratio [HR] = 0.68 per copy of the minor allele, 

95% confidence interval [CI] 0.50-0.92, p=0.012), and rs876188 and rs386418 with an increased 

risk (HR 1.52, 95%CI 1.10-2.09, p=0.011 and HR 1.34, 95%CI 1.04-1.82, p=0.023 respectively). At 

12 months post discharge, rs10494366 and rs12143842 (NOS1AP) were significant predictors of 

prolonged repolarisation (HR 1.32, 95%CI 1.04-1.67, p = 0.022 and HR 1.30, 95%CI 1.01-1.66, p = 

0.038 respectively), but not at earlier time-points. 

 

Conclusion: Three SNPs were associated with SCD/CA. Repolarisation time was associated with 

variation in the NOS1AP gene. This study demonstrates a possible role for SNPs in risk 

stratification for arrhythmic events following ACS.   
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6.3 Introduction 

Patients with acute coronary syndromes (ACS) are at risk of fatal and non-fatal ventricular 

arrhythmias, with up to 80% of sudden cardiac death (SCD) occurring in the setting of coronary 

artery disease.37 The selection of patients for interventions such as implantable cardioverter 

defibrillators (ICDs) for primary prevention of SCD following ACS currently relies on left ventricular 

ejection fraction (LVEF).281 However, the majority of SCD following ACS occurs in patients with 

preserved or only modestly impaired LVEF, thus improved risk stratification is needed.264 While 

other potential markers of risk of SCD have been assessed including QRS duration, T-wave 

alternans and ventricular ectopy, none as yet have an established clinical role.264 As both SCD and 

measures known to predispose to arrhythmias such as the QT interval are heritable, genetic 

variants should be assessed for possible inclusion in post-ACS risk stratification for SCD. 

 

Genome-wide association studies (GWAS) and candidate gene studies have identified associations 

between single nucleotide polymorphisms (SNPs) and electrocardiogram (ECG) parameters, as 

well as with SCD risk in the general population and in specific populations such as patients with 

inherited arrhythmia syndromes.356,361,362,466 The effect of a particular SNP may be modified by the 

acuity and extent of cardiac ischemia and injury following the ACS. 

 

The Coronary Disease Cohort Study (CDCS) is a prospective New Zealand (NZ) study following 

patients admitted for ACS, with extensive clinical, echocardiographic and neurohormonal data 

collected.489,490 Up to six ECGs were available for each patient over 12 months allowing assessment 

of repolarisation following the ACS event. In this setting, we investigated 31 SNPs for associations 

with prolonged repolarisation, arrhythmic events and SCD and assessed their significance in the 

presence of relevant clinical factors. 

6.4 Methods 

Patient inclusion 

Patients presenting with ACS were enrolled in CDCS at Christchurch or Auckland City Hospitals 

(NZ) from July 2002-February 2009. Inclusion criteria were: ischemic discomfort plus ≥1 of: ECG 

change (ST-segment depression or elevation ≥0.5 mm, T-wave inversion ≥3 mm in ≥3 leads, or left 

bundle branch block (LBBB)), elevated cardiac markers, history of coronary artery disease, age ≥65 

years, and history of diabetes or vascular disease.404 Exclusion criteria were a life expectancy less 

than three years, or death during the index admission. The study was approved by the NZ ethics 

committees and all participants provided written, informed consent. 

Clinical data  

Clinical data were collected from the index admission, and clinical, echocardiographic and 

neurohormonal data were collected at two follow-up clinics (1 month and 12–14 months). Ethnicity 

was self-reported. Plasma samples collected at follow-up clinics were assayed for N-terminal pro-B-

type natriuretic peptide (NTproBNP). Echocardiography was performed to a standardised protocol 
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at Christchurch Hospital using a GE Vivid 3 (GE Healthcare, Horton, Norway) and at the University 

of Auckland using either an ATL-HDI-5000 or Philips-IE33 (Philips, Bothell, WA). Simpson’s biplane 

method was used for measurement of LV end-diastolic (LVEDV) and end-systolic volumes 

(LVESV), and LVEF was derived. LV volumes were indexed to BSA (LVEDVi and LVESVi 

respectively). 

ECG repolarisation 

Resting 12-lead ECGs were recorded using Phillips Hewlett Packard Pagewriter 100 machines. 

ECG data were classified according to the presence or absence of “prolonged repolarisation”, 

defined as a QTc interval >440ms. If QRS duration was >120ms, the corrected JT interval was used 

(QT interval-QRS duration).176 The QT interval was measured manually from 2002-2009 (after 

which time an automated reading was used), and corrected for heart rate using Bazett’s formula 

(QTc = QT/√RR). The JT interval was corrected for heart rate as JTRR = JT–155x (60/HR - 1) + k (k 

= 34ms men, 22ms women), with a JTc interval >350ms defined as prolonged.407    

Events 

Clinical events were obtained from NZ National Health Information Services databases (which 

record all hospital admissions and death).  All deaths were adjudicated by a cardiologist as cardiac-

sudden, cardiac-non sudden, cardiac-unknown or non-cardiac. 

SNP Selection and genotyping 

DNA was extracted from whole blood or frozen buffy-coat leukocytes as described previously.491 

Thirty six SNPs were selected from GWAS and candidate gene studies following a comprehensive 

literature review. Selection was based on prior associations with ECG parameters in healthy 

populations (17 SNPs), QT interval or arrhythmia risk in patients with coronary artery disease (8 

SNPs), arrhythmia risk in patients with ion channelopathies (3 SNPs), or arrhythmia risk in 

population studies (8 SNPs) (Supplementary Table 6-10). Selected SNPs had a minor allele 

frequency (MAF) of >1% in the HapMap Caucasian CEU population, and were not in strong linkage 

disequilibrium with each other (r2 <0.6). 

 

Primers were designed using the mySequenom assay designer suite software 

(https://www.mysequenom.com). Genotyping was undertaken at the Liggins Institute (University of 

Auckland, NZ) in multiplex using Sequenom MassARRAY iPLEX assays (Sequenom Inc, San 

Diego, USA). 

Statistical methods 

The minor alleles of selected SNPs were tested for associations with two outcomes: prolonged 

repolarisation (defined earlier), and SCD/CA. Logistic regression tested for associations with 

prolonged repolarisation, and Cox proportional hazards models for associations with time to SCD/ 

cardiac arrest (CA). Analyses were carried out at index admission, 1 month, and 12 months post-

discharge with pre-specified clinical predictors available at each time-point in the multivariable 
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model (Figure 6-1). The number of covariates was constrained by power considerations relating to 

the number of events. The models for multivariable analyses a) from the time of index admission 

included: age, sex, LBBB, history of heart failure, type 2 diabetes (T2DM), and for the SCD/CA 

models, prolonged repolarisation; b) from 1 month included: age, sex, log-transformed NTproBNP, 

LVESVi, T2DM, LBBB, and for the SCD/CA models, prolonged repolarisation; and c) from the 12 

month assessment included: age, sex, log(NTproBNP), LVESVi, T2DM, LBBB (the SCD/CA model 

was not created with data from this assessment).  

 

Caucasian patients only were included in this analysis, and because of drug effects on 

repolarisation, patients on amiodarone or sotalol during the index admission were excluded. 

Patients on amiodarone/sotalol at any stage and those with SCD/CA events during the index 

admission were excluded from analyses at 1 and 12 months (Figure 6-1). Baseline group 

characteristics were compared using the chi-squared or Fisher’s exact test for categorical variables, 

and the t-test or Wilcoxon rank sum test for continuous variables. HWE was assessed using an 

exact test (p<0.001). 

 

All SNP analyses used an additive genetic model with the number of copies of the minor allele 

coded 0/1/2. SNPs with significant univariate associations to events (following correction for multiple 

testing) were added individually to the multivariable models to determine whether the SNP provided 

additional prognostic information.  

 

A false discovery rate (FDR) was used to account for multiple comparisons: the SNPs were 

preselected, and we utilized a FDR of 20% (a q-value threshold of 0.20). A q-value is an adjusted p-

value created using the FDR approach, that assumes up to 20% of the SNPs identified as having 

significant associations may be false positives. No standard q-value threshold exists for genetic 

association studies, though 0.20 is consistent with similar studies using candidate SNP selection.438 

The Bonferroni-corrected level of significance was also calculated for comparison. This method 

controls the chance of detecting false significance, rather than the proportion of false significance, 

so is less applicable for screening which SNPs are the best candidates to be put forward into the 

multivariable models. 

 

In multivariable models showing significant associations between SNP and outcome, interactions 

between prior heart failure and all other covariates were assessed. Although LVESVi is a stronger 

predictor of mortality than LVEF,492 LVEF is commonly used in clinical practice so we performed 

sensitivity analyses replacing LVESVi with LVEF. 

 

Analyses were carried out using R programming language v3.1.0, with the package  “qvalue” used 

for the FDR.469  
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6.5 Results 

Of 2139 patients in the overall study, 459 (21%) were excluded:  167 due to absence of a DNA 

sample; 253 non-Caucasians; and 39 were on amiodarone or sotalol on admission; resulting in 

1680 patients (Figure 6-1). Baseline characteristics are shown in Table 6-1.  The mean age was 69 

years (SD 12) and 71% were male. Discharge diagnosis was most commonly non-ST elevation 

myocardial infarction (non-STEMI, 51%), followed by unstable angina (28%) and STEMI (20%). Co-

morbidities were common: 31% of patients had prior MI, 19% history of heart failure, 16% T2DM, 

and 12% prior stroke. On discharge, secondary prevention medication was high with 98% of 

patients on aspirin, 91% on statin, 87% on beta-blocker, 57% on ACE inhibitor and 58% on 

clopidogrel.  

 

During a median follow-up of 5.0 years, 106 patients experienced SCD/CA events (61 SCDs and 45 

CAs), with 364 deaths overall (22%) (Table 6-1). Patients with SCD/CA were older (70 vs 68 years), 

had a history of worse cardiovascular disease (prior MI, heart failure, and stroke), and were more 

likely to have T2DM. They were more likely to have been admitted for a STEMI and less likely to 

have been admitted for unstable angina.  

 

Twenty three percent of patients had prolonged repolarisation on their first index admission ECG, 

26% on their last admission ECG, 13% at the 1 month assessment, and 16% at the 12 month 

assessment. The MAF for the 31 SNPs are reported in Supplementary Table 6-5. 

Index Admission 

At the time of index admission, patients who went on to experience a  SCD/CA event had a higher 

peak creatine kinase associated with their ACS, higher creatinine, and were more likely to have 

LBBB on their first admission ECG, along with a longer QTc and QRS duration (all p<0.001, Table 

6-1).  
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Table 6-1 Baseline characteristics during the index admission 

 Whole group 
n=1680 

No SCD/CA 
n=1574 

SCD/CA 
n=106 p value 

Age, mean (SD) 69 (12) 68 (12) 70 (14) 0.046 
Male, n (%) 1193 (71) 1110 (71) 83 (78) 0.139 

Medical History, n (%)     
  Hypertension 876 (52) 816 (52) 60 (57) 0.355 
  Previous MI 519 (31) 471 (30) 48 (45) 0.001 
  CABG 215 (13) 194 (12) 21 (20) 0.068 
  Heart failure 317 (19) 281 (18) 35 (33) <0.001 
  Stroke 205 (12) 181 (11) 24 (23) 0.001 
  Type 2 diabetes 264 (16) 238 (15) 26 (25) 0.028 
Diagnosis at discharge, n (%)     
  Non-ST-elevation MI 862 (51) 806 (51) 56 (54) 0.690 
  ST-elevation MI 344 (20) 308 (20) 36 (34) <0.001 
  Unstable angina 473 (28) 460 (29) 13 (13) <0.001 
Laboratory data (mean, SD)     
  Total cholesterol, mmol/L 4.8 (1.2) 4.8 (1.2) 4.6 (1.3) 0.228 
  LDL cholesterol,  2.9 (1.0) 2.9 (1.0) 2.7 (1.2) 0.700 
  Peak CK,units/L, median (IQR) 170 (84, 533) 167 (83, 503) 233 (102, 893) 0.040 
  Creatinine, µmol/L  90 (80, 110) 90 (80, 110) 102 (90, 130) <0.001 
Discharge medications, n (%)     
  Beta-blocker 1466 (87) 1375 (87) 91 (86) 0.250 
  ACE inhibitor 953 (57) 884 (56) 69 (65) 0.072 
  Aspirin 1638 (98) 1536 (98) 102 (96) 0.900 
  Clopidogrel 966 (58) 912 (58) 54 (51) 0.118 
  Statin 1525 (91) 1434 (91) 91 (86) 0.080 
  Diuretic 491 (29) 434 (28) 57 (54) <0.001 
First admission ECG, median (IQR)     
  QT, ms 396 (364, 426) 396 (364, 426) 392 (357, 431) 0.674 
  QTc 422 (407, 445) 422 (406, 444) 439 (418, 462) <0.001 
  QRS duration 94 (85, 105) 94 (84, 104) 104 (92, 126) <0.001 
  Prolonged repolarisation, n (%) 381 (23) 380 (24) 38 (36) 0.001 
  Left bundle branch block 110 (7) 95 (6) 15 (14) 0.002 
Events, n (%)     
  SCD 61 (4) - 61 (58) - 
  VF during index admission 27 (2) - 27 (25) - 
  CA during follow-up 18 (1) - 18 (17) - 
Total SCD/CA 106 (6) - 106 (100) - 
Total deaths 364 (22) 258 (16) - - 
 Follow-up time, years, median (IQR) 5.0 (3.6, 6.8) 5.2 (3.8, 6.8) 1.3 (0.3, 2.9) <0.001 
 
SD = standard deviation; MI = myocardial infarction;  CABG = coronary artery bypass graft;  LDL = low density 
lipoprotein;  CK = creatine kinase;  IQR = interquartile range;  ECG = electrocardiogram;  QTc = corrected QT 
interval; VF = ventricular fibrillation;  SCD/CA = sudden cardiac death/cardiac arrest 
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Associations with SCD/CA and prolonged repolarisation  

Four SNPs had significant univariate associations with SCD/CA following correction for multiple 

testing: rs10919071 (ATP1B1), rs17779747 (KCNJ2), rs876188 (C14orf64), and rs3864180 (GPC5) 

(Supplementary Table 6-6). In multivariable models, the minor alleles of these SNPs (except 

rs10919071) remained significantly associated with SCD/CA:  rs17779747 with a decreased risk 

(HR=0.68, 95%CI 0.50-0.92, p=0.013), and rs876188 and rs3864180 with an increased risk (HR 

=1.52, 95%CI 1.10-2.09, p=0.011 and HR =1.34, 95%CI 1.04-1.82, p=0.023 respectively).   

 

Clinical predictors of SCD/CA that remained significant in all three multivariable models were male 

sex, prolonged repolarisation, LBBB, and prior heart failure (Table 6-2). No significant interactions 

were observed between prior heart failure and all other covariates in the model. 

 

None of the 31 SNPs had significant univariate associations with prolonged repolarisation at the 

point of index admission. 

 

Table 6-2 Multivariable models for SNPs with significant associations with sudden cardiac 
death/cardiac arrest at the time of index admission 

 Hazard ratio (95%CI) p value 

1. rs17779747 (KCNJ2) 0.68 (0.50-0.92) 0.013 
     Age,year 1.01 (0.99-1.03) 0.316 
     Male  1.78 (1.11-2.84) 0.017 
     Prolonged repolarisation 1.97 (1.31-2.96) 0.001 
     LBBB 2.27 (1.27-4.05) 0.006 
     Prior heart failure 1.76 (0.92-2.31) 0.015 
     T2DM 1.46 (0.92-2.31) 0.110 
2.  rs876188 (C14orf64) 1.52 (1.10-2.09) 0.011 
     Age,year 1.01 (0.99-1.03) 0.297 
     Male  1.83 (1.14-2.92) 0.012 
     Prolonged repolarisation 1.94 (1.29-2.92) 0.001 
     LBBB 2.04 (1.15-3.64) 0.015 
     Prior heart failure 1.84 (1.17-2.90) 0.008 
     T2DM 1.51 (0.95-2.40) 0.081 
3. rs3864180 (GPC5) 1.34 (1.04-1.82) 0.023 
     Age,year 1.01 (0.99-1.03) 0.163 
     Male  1.79 (1.11-2.86) 0.016 
     Prolonged repolarisation 1.82 (1.20-2.75) 0.005 
     LBBB 2.08 (1.17-3.71) 0.013 
     Prior heart failure 1.80 (1.14-2.83) 0.010 
     T2DM 1.51 (1.04-1.82) 0.082 

 

CI = confidence interval; LBBB = left bundle branch block; T2DM = type 2 diabetes 
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One Month Assessment 

ECG, echocardiographic and neurohormonal data were collected for 1563 (93%) patients at the 1 

month assessment (median 33 days post-index admission). The median NTproBNP was 76 pmol/L 

(IQR 37, 163 pmol/L), median LVESVi was 24 ml/m2 (IQR 18, 33 ml/m2), and the median LVEF was 

59% (IQR 52, 65) (Table 6-3). 

 

Patients who went on to experience SCD/CA following this visit (n = 79) had higher NTproBNP 

levels, were more likely to be taking diuretics, digoxin or clopidogrel, were more likely to have ECG 

LBBB, had larger LV volumes and lower LVEF compared with those without these events (Table 6-

3). 

 

Associations with SCD/CA and prolonged repolarisation  

There were 79 SCD/CA events following the 1 month assessment. One SNP, rs10757274 in the 

9p21 region, had a univariate association with events (HR=1.50, 95%CI 1.09-2.09, p=0.014), 

however this did not remain significant following correction for multiple testing (Supplementary 

Table 6-6). Two hundred and eleven patients (13%) had prolonged repolarisation on the 1 month 

ECG. No SNPs were significantly associated with prolonged repolarisation at this time-point 

following correction for multiple testing.
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Figure 6-1 Study exclusions and model components at admission, 1 month and 12 months after the acute event 

SCD/CA = sudden cardiac death/cardiac arrest; LBBB = left bundle branch block; HF = heart failure; NTproBNP = N-terminal pro-B-type natriuretic peptide; LVESVi = indexed left 
ventricular end systolic volume; T2DM = type 2 diabetes mellitus 
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Table 6-3 Clinical characteristics of Coronary Disease Cohort Study patients at 1 month* 

  

 SCD/CA = sudden cardiac death/cardiac arrest; NTproBNP = N-terminal pro-B-type natriuretic peptide; IQR = 
interquartile range; ECG = electrocardiogram; QTc = corrected QT interval; LVEF = left ventricular ejection fraction; 
LVEDVi = indexed left ventricular end-diastolic volume; LVESVi = indexed left ventricular end-systolic volume 
 
*Excluding patients on amiodarone/sotalol at any time before this visit, excluding those with cardiac arrests during 
index admission 
 

12 Month Assessment 

One thousand, four hundred and twenty patients (85%) attended the 12 month assessment (Table 

6-4): median NTproBNP was 55pmol/L (IQR 25,123 pmol/L), and median LVESVi 24 ml/m2.   

 

Associations with Prolonged Repolarisation 

Two hundred and thirty patients (16%) had prolonged repolarisation on their ECG. On univariate 

analysis, two SNPs in the NOS1AP gene were significantly associated with prolonged repolarisation 

at 12 months post-ACS following correction for multiple testing: rs10494366 and rs12143842 

(Supplementary Table 6-7). 

 

When included in a multivariable model with information contemporary with the 12 month clinic visit 

(age, sex, T2DM, NTproBNP, LVESVi, and LBBB) the minor allele of both SNPs remained 

significantly associated with prolonged repolarisation (rs10494366 HR=1.32 per copy of the minor 

allele, 95%CI 1.04-1.67, p=0.022 and rs12143842 HR=1.30, 95%CI 1.01-1.66, p=0.038) (Table 

6-4). These associations persisted when LVEF replaced LVESVi in the model. 

 Whole group 
n = 1563 

No SCD/CA 
 n = 1484 

SCD/CA 
n = 79 p value 

NTproBNP,pmoL/L, median(IQR) 76 (37, 162) 76 (37, 158) 190 (103, 314) <0.001 
Medications, n(%)     
  β-blocker 1343 (86) 1278 (86) 65 (83) 0.39 
  ACE inhibitor 885 (57) 837 (56) 48 (60) 0.567 
  Aspirin 1506 (96) 1433 (97) 73 (92) 0.107 
  Clopidogrel 836 (53) 806 (54) 30 (32) 0.004 
  Statin 1366 (87) 1300 (88) 66 (84) 0.523 
  Diuretic 434 (28) 387 (26) 47 (59) <0.001 
ECG (median, IQR)     
  QT,ms  410 (400, 440) 410 (400, 440) 440 (407, 460) <0.001 
  QTc 404 (388, 431) 402 (386, 429) 428 (407, 454) <0.001 
  QRS duration 90 (80, 100) 90 (80, 100) 100 (81, 128) <0.001 
  Left bundle branch block, n (%) 111 (7) 94 (6) 17 (22) <0.001 
  Prolonged repolarisation 211 (13) 191 (13) 20 (25) <0.001 
Echo (median, IQR)     
  LVEF,%  59 (52, 65) 60 (52, 65) 53 (39, 58) <0.001 
  LVEDVi,ml/m2 61 (49, 75) 61 (50, 74) 70 (55, 85) <0.001 
  LVESVi,ml/m2 24 (18, 33) 24 (18, 33) 33 (23, 51) <0.001 
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Table 6-4 Multivariable models showing the association between polymorphisms in NOS1AP 
and prolonged repolarisation at the 12 month assessment. 

 

Variable Odds ratio (95%CI) p value 

rs10494366 1.32 (1.04-1.67) 0.022 

   Age, year 1.01 (0.99-1.02) 0.565 

   Male  0.58 (0.41-0.84) 0.003 

   log(NTproBNP), pmol/L 1.77 (1.43-2.20) <0.001 

   LVESVi, ml/m2 1.00 (0.99-1.01) 0.501 

   T2DM 1.15 (0.73-1.76) 0.533 

   LBBB 3.01 (1.67-5.39) <0.001 

rs12143842 1.30 (1.01-1.66) 0.038 

   Age, year 1.00 (0.99-1.02) 0.600 

   Male  0.59 (0.41-0.84) 0.004 

   log(NTproBNP), pmol/L 1.77 (1.43-2.20) <0.001 

   LVESVi, ml/m2 1.00 (0.99-1.01) 0.539 

   T2DM 1.13 (0.72-1.74) 0.572 

   LBBB 3.05 (1.70-5.44) <0.001 
 

CI = confidence interval; NTproBNP = N-terminal pro-B-type natriuretic peptide; LVESVi = indexed left ventricular 
end-systolic volume; T2DM = type 2 diabetes; LBBB = left bundle branch block 
 

 

None of the five SNPs significant after correction for multiple testing using the FDR reached the 

Bonferroni-corrected significance level of p<0.002.  

 

6.6 Discussion 

In this study of patients hospitalised with ACS, 6.3% subsequently had SCD/CA. We demonstrated 

associations between three SNPs (in the genes KCNJ2, GPC5 and C14orf64) and SCD/CA, and 

between two SNPs in NOS1AP and prolonged repolarisation on ECGs 12 months after the acute 

event. Prolonged repolarisation was common on admission ECGs (first ECG 23%, last ECG 26%) 

and less common at the 12 month ECG (16%). 

Clinical indicators of prolonged repolarisation and SCD/CA 

In a multivariable analysis, prolonged repolarisation on the first index admission ECG was an 

independent predictor of SCD/CA. In the setting of ACS the QTc interval is known to prolong, and 

QTc prolongation has been associated with SCD in the general population, with and without the 

presence of coronary artery disease.276 The increasing then decreasing proportion of patients with 

prolonged repolarisation following ACS in this study is consistent with other reports showing the 

maximal QT length occurring 2-11 days after an ACS event, before returning to an adapted 

“baseline” level .276   
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Left ventricular ejection fraction is an important predictor of SCD and overall survival in this setting, 

and is the main selection criterion for an ICD for primary prevention of SCD.281 In our cohort, only 

24% of the patients who experienced SCD/CA events had an LVEF ≤35% at the 1 month 

assessment, meaning the majority would not have been eligible for an ICD. This reinforces recent 

reports suggesting that LVEF alone is not sufficient for risk stratification for SCD in patients 

following ACS.264 

 

In our cohort, patients who went on to have SCD/CA following the 1 month assessment had higher 

NTproBNP levels, and NTproBNP at 12 months was significantly associated with prolonged 

repolarisation (multivariable analysis). Increased NTproBNP (and BNP) has been previously 

associated with SCD and CA across a range of scenarios, including patients with and without ICDs 

and following ACS.493 

SNP associations with SCD/CA 

The minor allele of SNP rs17779747, ~300kb downstream from the KCNJ2 gene, was associated 

with a decreased risk of SCD/CA at the point of hospital admission. This finding is supported by 

previous analyses where this allele was associated with a shorter QT-interval in two GWAS studies 

in the general population.361,362 The gene KCNJ2 encodes the potassium inwardly-rectifying 

channel, subfamily J, member 2, mutations in which cause long QT syndrome type 7 and short QT 

syndrome. This SNP is not in strong linkage disequilibrium with any common variant in the KCNJ2 

coding sequence. A previous analysis in our cohort found associations between a SNP in another 

potassium channel gene (rs697829 in the X-linked KCNE5) and both the QTc interval and all-cause 

death, but only in males.416 

 

The minor allele of the SNP rs876188 (near the chromosome 14 open reading frame 64, C14orf64) 

was associated with an increased risk of SCD/CA. This aligns with previous findings; in a GWAS of 

989 patients with sudden CA, the minor allele of this SNP showed a trend to association with 

subsequent death.410 The functional significance of this genome locus remains unknown. 

  

The minor allele of the intronic SNP rs3864180 from the GPC5 gene was associated with an 

increased risk of SCD/CA. The GPC5 gene encodes glypican 5, a heparan sulfate proteoglycan. 

These proteins are bound to the outer surface of the plasma membrane in the cardiovascular 

system, with their diverse functions including blood vessel formation after ischemic injury and 

proliferation of smooth muscle cells during atherogenesis. In the Oregon Sudden Unexpected Death 

Study this SNP had an association in the opposite direction but not at genome-wide significance.296 

However, that cohort differed from the present study; patients in that study were younger, and 

coronary artery disease was assumed rather than documented in cases aged ≥50 years.  

 

None of the three SNPs associated with SCD/CA at admission were associated with subsequent 

events at the 1 month time point. This is potentially due to a lack of statistical power: 79 of the 106 

events occurred after this time, possibly not sufficient for an association to reach significance. A 
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second potential reason is differing mechanisms for SCD/CA between the first and subsequent 

months, with acute ischaemia predisposing to arrhythmias, recurrent MI, or cardiac rupture in the 

earlier phase.289 Later events may, more often, be due to re-entrant arrhythmias associated with the 

substrate of myocardial scar.494 For these reasons individual SNPs may be associated with 

arrhythmias occurring at different time points following the acute event. 

SNP associations with prolonged repolarisation 

Polymorphisms in the NOS1AP gene have been consistently associated with QT interval length, as 

well as with SCD in population cohorts and with SCD/CA in patients with congenital long QT 

syndrome.356,466 In our cohort, two independent signals from this locus were seen. The NOS1AP 

gene encodes the carboxyl-terminal PDZ-ligand of neuronal nitric oxide synthase protein: in the 

heart this interacts with nitric oxide synthase 1, and overexpression causes accelerated cardiac 

repolarisation by inhibiting L-type calcium channels and enhancing potassium channels (IKr).366  

 

Recent analyses have identified another non-coding SNP in NOS1AP as the likely functional variant 

for the QT interval (rs7539120).368 The NOS1AP protein was localised to cardiomyocyte intercalated 

discs, suggesting a role in modulating ion flow through gap junctions. Interestingly in CDCS 

patients, the association of NOS1AP SNPs with prolonged repolarisation became significant 12 

months post-ACS but there was no association during the acute phase. The comparatively subtle 

effects of the SNPs on repolarisation were not evident until the patients had likely undergone some 

scar stabilisation and electrophysiological adaptation following the acute event. This is reflected by 

the relative importance of the covariates in the multivariable models at admission and 1 month, with 

clinical predictors dominating any SNP influence.  

6.7 Limitations 

The patients in this study are heterogeneous with respect to age, extent of coronary artery disease 

and presence of co-morbidities, and potentially have diverse substrates for arrhythmia formation. 

This may result in the concealment of the influence of some SNPs. However, this varied cohort is 

representative of patients presenting in clinical practice.  

 

Depending on the study population and the heart rate correction formula used, different upper 

normal limits have been applied to the QTc interval. Current ECG recommendations state that limits 

of 460ms for women and 450ms for men are a practical compromise.176 We used 440ms as it is 

commonly used in clinical practice, and the risk of cardiac events increases above this level in a 

range of cohorts.336,342 We used the corrected JT interval to define prolonged repolarisation for 

patients with ventricular conduction defects.176  This is technically correct but may have reduced 

clinical utility due to unfamiliarity with this measure.  

 

Twenty one percent of the patients in the original study cohort were excluded for these analyses. In 

particular due to potential differences in allele frequencies amongst different ethnicities, this study 
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only included patients of Caucasian ethnicity. Thus, the results cannot be generalized to people of 

non-Caucasian ethnicity. 

 

We did not test for associations between SNPs and SCD/CA events subsequent to the 12 month 

visit, as only 68 (64%) events occurred after this time-point. Therefore, potential associations with 

only those events occurring late (i.e. >12months) following ACS were not investigated in this study. 

6.8 Conclusion 

Optimal risk stratification following SCD is ultimately likely to require a combination of readily 

available clinical information and selected specialised investigations, including testing for the 

presence of genetic modifiers. Further prospective testing of genetic influences on SCD/CA is 

warranted to determine their utility in prognostic models and to explore the etiology of SCD/CA in 

patients following ACS. Since the clinical factors seem to overwhelm some of the influence of the 

SNPs, clinically homogenous cohorts would be valuable in future evaluation of such SNPs. 
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6.10   Supplementary material 
 Supplementary Table 6-5 SNPs genotyped in the Coronary Disease Cohort Study with the tested allele and its frequency in this patient group 

continued following page  

Closest 
(relevant) gene Gene name SNP Minor 

allele 
First reported association 

with minor allele  
MAF, 
CDCS  

ADRB1 Adrenoceptor Beta 1 rs180125392,487 G ↑ Syncope/VF in LQTS 
patients 

0.259 
 

AGTR1 Angiotensin II Receptor, Type 1 rs2639365293 A ↑ VT/VF in patients with CAD 0.296 

ATP1B1 ATPase, Na+/K+ transporting, beta 1 polypeptide rs10919071293 G ↓ QT interval 0.124 

C14orf64 Chromosome 14 open reading frame 64 rs876188410 G ↑ Subsequent death after CA 0.215 

CACNA1C Calcium channel, voltage-dependent, L type, alpha 1C 
subunit rs7132154293 A ↑ VT/VF in patients with CAD 0.253 

CASQ2 Calsequestrin 2 (cardiac muscle) rs4074536 C ↑ QT interval: unpublished 0.297 

CAV1 Caveolin 1, caveolae protein, 22kDa rs3807989412 A ↑ PR interval 0.385 

CXADR Coxsackie virus and adenovirus receptor rs2824292294 G ↑ VF in post-MI patients 0.444 

CYP2C9 CYP2C9 cytochrome P450, family 2, subfamily C, 
polypeptide 9 rs1934968412 A ↓ QRS duration 0.125 

DEGS2 Delta(4)-desaturase, sphingolipid rs7157599293 C ↓ VT/VF in patients with CAD 0.300 

GPC5 Glypican proteoglycan 5 rs3864180296 G ↓CA in patients with CAD 0.422 

IGFBP3 IGFBP3 insulin-like growth factor binding protein 3 rs2132570412 A ↑ QRS duration 0.230 

KCNH2 Potassium voltage-gated channel, subfamily H (eag-
related),member 2 rs3815459417 A ↑ QT interval 0.232 

KCNJ2 Potassium inwardly-rectifying channel, subfamily J, 
member 2 rs17779747362 T ↓QT interval 0.343 

KCNQ1 Potassium voltage-gated channel, KQT-like subfamily, 
member 1 rs207423899 T ↓ QT interval 0.082 
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Table 6-5 continued 

 
CDCS = coronary disease cohort study; CA = cardiac arrest; VT = ventricular tachycardia; VF = ventricular fibrillation; CAD = coronary artery disease; MI = myocardial infarction;  
SCD = sudden cardiac death 

Closest 
(relevant) gene Gene name SNP Minor 

allele 
First reported association 

with minor allele  
MAF, 
CDCS  

KCNQ1 Potassium voltage-gated channel, KQT-like subfamily, 
member 1 rs2283222353 C ↓ Risk of SCD 0.310 

LITAF LITAF lipopolysaccharide-induced TNF factor rs735951362, 361 T ↑ QT interval 0.471 

MEIS1 Meis homeobox 1 rs11897119369 C ↑ PR interval 0.388 

NOS1AP Nitric oxide synthase 1 (neuronal) adaptor protein rs10494366360 G ↑ QT interval 0.374 

NOS1AP Nitric oxide synthase 1 (neuronal) adaptor protein rs10918594422 G ↑ QT interval 0.352 

NOS1AP Nitric oxide synthase 1 (neuronal) adaptor protein rs12143842472 T ↑ QT interval 0.264 

NRG1 Neuregulin 1 rs10503929355 C ↑ Risk of SCD 0.171 

PLN Phospholamban rs11153730362,361 C ↑ QT interval 0.478 

RNF207 Ring finger protein 207 rs846111362, 361 G ↑ QT interval 0.273 

SCN10A Sodium channel, voltage-gated, type X, alpha subunit rs6795970427 A ↑ Conduction time 0.401 

SCN5A Sodium channel, voltage-gated, type V, alpha subunit rs1805124156 G Genetic modifier in LQTS 
patients 0.230 

SCN5A Sodium channel, voltage-gated, type V, alpha subunit rs41312391359 T ↑ Risk of SCD 0.168 

TGFBR2 Transforming growth factor, beta receptor II (70/80kDa) rs9838682299 A ↑ CA in patients with CAD 0.341 

ZNF365 Zinc finger protein 365 rs2077316299 G ↑ SCD in patients with CAD 0.060 

4q25 
 Located upstream of PITX2 rs2200733359 T ↑ Risk of SCD 0.102 

9p21 Located near CDKN2A and CDKN2B rs10757274352 G ↓ Risk of SCD 0.481 
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Supplementary Table 6-6 Univariate and associations with SCD/CA at the point of index admission and at the 1 month assessment 

 Point of admission 1 month assessment 

SNP Hazard ratio (95% CI) p value q value Hazard ratio (95% CI) p value q value 

rs10919071 1.50 (1.06-2.13) 0.023 0.194 1.21 (0.86-1.72) 0.276 0.754 

rs17779747 0.66 (0.48-0.90) 0.009 0.194 0.78 (0.55-1.11) 0.164 0.754 

rs3864180 1.37 (1.04-1.79) 0.025 0.194 1.33 (0.97-1.81) 0.078 0.754 

rs876188 1.47 (1.08-2.01) 0.015 0.194 1.41 (0.98-2.03) 0.062 0.754 

rs10757274 1.32 (0.99-1.74) 0.051 0.316 1.50 (1.09-2.09) 0.020 0.620 

rs10494366 1.25 (0.95-1.65) 0.113 0.638 1.21 (0.88-1.67) 0.246 0.754 

rs10918594 1.19 (0.93-1.60) 0.255 0.638 1.32 (0.87-2.01) 0.197 0.754 

rs11153730 1.21 (0.93-1.60) 0.158 0.638 1.25 (0.91-1.71) 0.164 0.754 

rs11897119 0.85 (0.64-1.12) 0.247 0.638 0.87 (0.63-1.20) 0.399 0.754 

rs12143842 1.21 (0.90-1.63) 0.201 0.638 1.24 (0.89-1.74) 0.209 0.754 

rs3815459 1.24 (0.90-1.71) 0.183 0.638 1.20 (0.83-1.74) 0.324 0.754 

rs4074536 0.83 (0.61-1.12) 0.224 0.638 0.83 (0.59-1.19) 0.309 0.754 

rs6795970 1.22 (0.93-1.58 0.150 0.638 1.13 (0.84-1.54) 0.415 0.754 

rs2824292 1.15 (0.88-1.52) 0.311 0.699 1.14 (0.83-1.57) 0.404 0.754 

rs846111 1.16 (0.86-1.55) 0.326 0.699 1.23 (0.88-1.71) 0.227 0.754 

rs735951 1.13 (0.87-1.49) 0.361 0.722 1.13 (0.78-1.54) 0.438 0.754 
 

continued over page 
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Table 6-6 continued 

 Point of admission 1 month assessment 

SNP Hazard ratio (95% CI) p value q value Hazard ratio (95% CI) p value q value 

rs2132570 0.87 (0.62-1.23) 0.427 0.800 0.82 (0.55-1.22) 0.317 0.754 

rs2639365 0.89 (0.65-1.21) 0.462 0.800 0.96, 1.68-1.37) 0.824 0.929 

rs3807989 0.90 (0.68-1.20) 0.480 0.800 0.93 (0.67-1.27) 0.632 0.929 

rs41312391 0.88 (0.60-1.30) 0.525 0.829 0.85 (0.54-1.32) 0.466 0.760 

rs1801253 0.91 (0.65-1.26) 0.560 0.840 1.04 (0.73-1.50) 0.820 0.929 

rs10503929 1.08 (0.64-1.34) 0.685 0.934 1.03 (0.68-1.54) 0.904 0.929 

rs7157599 0.93 (0.69-1.27) 0.656 0.934 0.96 (0.68-1.37) 0.840 0.929 

rs2077316 1.10 (0.63-1.89) 0.743 0.969 1.10 (0.59-2.04) 0.758 0.929 

rs1805124 0.98 (0.72-1.36) 0.913 0.979 0.89 (0.61-1.30) 0.554 0.859 

rs1934968 0.95 (0.62-1.45) 0.809 0.979 0.98 (0.61-1.58) 0.929 0.929 

rs2074238 1.01 (0.62-1.64) 0.979 0.979 0.95 (0.54-1.69) 0.874 0.929 

rs2200733 1.04 (0.66-1.65) 0.852 0.979 1.23 (0.74-2.02) 0.424 0.754 

rs2283222 1.01 (0.75-1.35) 0.966 0.979 1.04 (0.74-1.46) 0.835 0.929 

rs7132154 0.99 (0.72-1.37) 0.978 0.979 0.93 (0.64-1.35) 0.701 0.929 

rs9838682 1.02 (0.77-1.36) 0.879 0.979 1.06 (0.77-1.47) 0.709 0.929 
 

CI = confidence interval 
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Supplementary Table 6-7 Univariate associations with prolonged repolarisation at 12 month 
assessment 

SNP Odds ratio (95% CI) p value q value 

rs10494366 1.36 (1.10-1.66) 0.004 0.093 

rs12143842 1.35 (1.08-1.67) 0.006 0.093 

rs6795970 0.81 (0.66-0.99) 0.045 0.411 

rs7132154 0.78 (0.61-0.99) 0.053 0.411 

rs2283222 0.82 (0.65-1.02) 0.089 0.481 

rs3864180 1.19 (0.97-1.46) 0.093 0.481 

rs10918594 1.17 (0.94-1.46) 0.177 0.784 

rs10757274 0.88 (0.72-1.09) 0.240 0.844 

rs2074238 1.21 (0.85-1.70) 0.277 0.844 

rs1805124 1.12 (0.89-1.41) 0.327 0.844 

rs2824292 1.10 (0.90-1.34) 0.369 0.844 

rs3815459 0.89 (0.69-1.15) 0.399 0.844 

rs2200733 0.86 (0.59-1.22) 0.413 0.844 

rs11897119 0.91 (0.75-1.13) 0.429 0.844 

rs17779747 1.08 (0.88-1.33) 0.464 0.844 

rs7157599 0.93 (0.74-1.17) 0.548 0.844 

rs735951 0.94 (0.77-1.15) 0.557 0.844 

rs10919071 1.09 (0.80-1.46) 0.582 0.844 

rs2077316 1.12 (0.74-1.65) 0.587 0.844 

rs9838682 1.06 (0.86-1.30) 0.601 0.844 

rs41312391 0.93 (0.70-1.22) 0.622 0.844 

rs2639365 1.06 (0.85-1.32) 0.623 0.844 

rs1934968 1.93 (0.67-1.26) 0.651 0.844 

rs11153730 1.04 (0.86-1.27) 0.673 0.844 

rs3807989 1.04 (0.85-1.28) 0.681 0.844 

rs10503929 0.97 (0.74-1.25) 0.821 0.945 

rs2132570 0.97 (0.76-1.24) 0.823 0.945 

rs1801253 1.02 (0.77-1.33) 0.892 0.963 

rs846111 0.99 (0.79-1.23) 0.910 0.963 

rs876188 1.01 (0.78-1.30) 0.932 0.963 

rs4074536 1.00 (0.80-1.25) 0.977 0.977 
 

CI = confidence interval  
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6.11 Additional analyses: Joint modelling of repeated measures of QTc 

Following submission of the preceding manuscript where we identified prolonged repolarisation as a 

risk factor for SCD/CA, the ensuing analysis was undertaken to investigate the relevance of 

repeated measures of QTc in this context.  

 

Introduction 
Studies of long-term risk often use a single measurement of a variable despite the existence of 

repeated measures. For example, many decisions on post-MI ICD intervention are based 

predominantly on a single measurement of LV ejection fraction.495  Measurements that are taken 

from a single point in time may not be reliable because the predictive power of the variable might 

change over time, particularly after a major physiological event such as an ACS.  

 

Incorporating repeated measures makes more efficient use of the available data, and the integration 

of this into risk prediction is therefore appealing. This concept is known as dynamic risk profiling.495 

Statistical techniques allow us to investigate the relationship of a particular repeated measure with 

time to an event of interest by combining longitudinal models of the measured variable with survival 

data.496  

 

The QTc interval is one example of a dynamic measurement, with multiple influences (patient and 

measurement factors) on its length. Measurement can be manual or automated, and though manual 

measurement is generally agreed to be preferable, accurate manual measurement is challenging 

for many clinicians.464,497 Biological factors affecting intra-person variation in QTc duration include 

diurnal changes due to fluctuations in autonomic tone, electrolytes, and structural changes or 

ischaemic events modifying the patient’s electrophysiology.497 The majority of survival studies have 

only considered a single baseline measurement of QTc.276  

 

Prolonged repolarisation upon hospital admission for an ACS has been shown to be an 

independent predictor of SCD/CA in this cohort, but whether this relationship is consistent over time 

is not known. Therefore in this analysis, repeated measurements of QTc over 12 months following 

an ACS event were examined to understand QTc interval variability. Then, using joint modelling of a 

longitudinal random effects sub-model and a Cox survival sub-model, we sought to determine the 

relationship between QTc measurements over 12 months following an ACS and the risk of SCD/CA. 

This approach also allows us to dynamically predict risk, so a patient’s predicted risk is updated 

when a new QTc measurement is obtained. This analysis is exploratory and provides proof of 

principle for considering repeated ECG measurements in this manner. 
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Methods 

Patients included in this analysis were required to have full ECG data available (five measures of 

QTc: first and last admission ECGs, and 1 month, 4 month, and 12 month outpatient assessment 

ECGs). As a prolonged QRS duration will in turn cause QTc prolongation, patients with QRS 

>120ms on any ECG were excluded, as were patients on amiodarone or sotalol at any point during 

the study.  Follow-up was censored at four years.  

 

The QTc measurements on each ECG were categorised as being in or out of the high risk category 

of >440ms (consistent with the analyses in the preceding manuscript), and the movements of 

patients between categories at each time point were ascertained. The longitudinal QTc 

measurements for the five ECGs were then plotted for a sample of 50 patients to illustrate the 

variability over time. 

 

We tested for associations between QTc and SCD/CA using QTc as a continuous measurement 

rather than using the risk category of above or below 440ms as a continuous measure is more 

informative for the joint modelling approach. We used a joint model incorporating all five QTc 

measurements for each patient. Then for comparison, we used a standard Cox proportional 

hazards model incorporating a single QTc measurement.  

 

The joint model is formed by a Cox proportional hazards model for the survival component, and a 

linear regression model for the longitudinal component with patient-specific time-points of each 

measurement as a random effect. The longitudinal model takes into account the intra-person 

correlation, which acknowledges that each consecutive measure is related to the previous one. The 

survival model used a piecewise baseline hazard function with knots specified at four time-points 

during follow up (at the time points when ECGs were performed: 0.019, 0.0833, 0.333, and 1 year). 

The two SNPs that were shown to have the strongest associations with the two outcomes of interest 

(SCD/CA and prolonged QTc) from the preceding analysis were included in the joint model, with 

rs17779747 in the KCNJ2 gene included in the survival component (as it decreased the risk of 

SCD/CA) and rs12143842 in the NOS1AP gene in the longitudinal component (as it prolonged 

repolarisation). Predicted survival probabilities for each patient were then obtained using a repeated 

simulation (Monte–Carlo) procedure that samples from an approximation of the posterior distribution 

of the random effects model given an individual’s observed data, and plotted at each time point. 

 

Analysis was undertaken using R programming language v3.1.0434 and the package “JM”.498 
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Results 

Of the 2139 patients in the CDCS, 1343 (63%) had ECG data available at all time points and were 

not excluded based on QT-prolonging drugs or QRS duration. Of these, 50 experienced a SCD/CA 

event within 4 years. 

 

Variability of the QTc duration  

Figure 6-2 shows the number of subjects that moved in and out of what is considered the high risk 

category of QTc >440ms over the 12 months following an admission for an ACS event. Five 

hundred and ninety six (44%) of patients had a QTc >440ms at some stage during the 12 months of 

ECG recordings.  QTc in the remaining 747 patients was consistently ≤440ms 

 

Of those with at least one prolonged QTc, 285 (48%) had a prolonged QTc on the first ECG taken 

during their admission for an ACS event. One hundred and eighty nine patients had their QTc 

interval prolong during admission (while for 166 patients the QTc interval shortened), and the net 

number of patients with prolonged QTc was highest at the time of the last ECG recorded during the 

index admission.  QTc then reduced in the majority of people, with 80% of those who would have 

been categorised as having prolonged QTc on their last admission ECG having a “normal” QTc 1 

month post-discharge. The number with a prolonged QTc was relatively stable at 4 months, but 

appeared to increase slightly at 12 months, with 94/469 (20%) developing prolonged QTc between 

4 and 12 months. Only seven patients had a QTc >440ms for all five ECGs. 

 

Figure 6-3 shows a sample of QTc longitudinal measurements (using QTc as a continuous 

measurement) from 50 patients over the 12 months. The peak QTc measurement varies between 

different patients, with greater observed variation during the first three QTc measurements (over the 

first month of follow-up) compared to the final two measurements at 4 and 12 months. 

 

The observed variation in QTc demonstrates that using a single baseline measurement of QTc to 

predict risk in this setting is not necessarily reliable and may be misleading. 
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Figure 6-2 Movement of patients above and below the selected risk level of 440ms for the five ECGs available over the 12 month period following 
admission for an ACS 
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 Figure 6-3 Sample of 50 patients with longitudinal measurements of QTc (five measurements per patient)   
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Joint Model 
 

Table 6-8 Results of the joint model for predicting the risk of SCD/CA from repeated 
measurements of QTc 
 

Longitudinal process: 
 

Variable Estimate (ms) Standard 
error 

p 

Intercept 412.9 0.79 <0.001 

Years -9.99 0.86 <0.001 

rs12143842 2.67 0.91 0.004 
 
Event process: 
 

Variable Hazard ratio (95%CI) p 

QTc association 1.040 (1.028-1.051) <0.001 

rs17779747 0.59 (0.46-0.74) 0.026 

Age 0.99 (0.99-1.02) 0.645 

Gender 1.83 (1.29-2.61) 0.088 
 

QTc is included in these models as a continuous measure. The longitudinal process of the QTc 

measurements is represented by the average first QTc measurement (the intercept, 413ms), which 

reduced by 10ms per year (Table 6-8). The presence of the minor allele for the SNP rs12143842 

was associated with a 3ms increase in QTc. When this longitudinal information was modelled jointly 

with the relationship between survival and age, gender, and the SNP rs17779747, increased 

duration of QTc was associated with an increased risk of SCD/CA. This association is described by 

the QTc association parameter produced via the joint modelling approach (HR 1.040, 95%CI 1.028-

1.051, p <0.001) (Table 6-8). The statistically significant association parameter shows it is 

advantageous to fit a joint model to these data. If the hazard ratio was 1, there is no benefit to 

considering the longitudinal process and two separate models would suffice. The minor allele of the 

SNP rs17779747 significantly decreased the risk of an event (HR 0.59, 95%CI 0.46-0.74). Age and 

gender were not statistically significant predictors in this model.  

 

Standard survival model predicting SCD/CA using only the first QTc measurement 

For comparison, a Cox model including only the first measurement of QTc at hospital admission 

and adjusted for age, gender, and the SNPs rs17779747 and rs12143842 was created. QTc length 

was not significantly associated with SCD/CA (HR 1.077, 95%CI 0.998-1.017, p=0.112) (Table 6-9). 

This does not take the longitudinal process of QTc into account, thus appears to underestimate the 

risk associated with a prolonged QTc. It should be noted that this dataset is limited to four years 

follow-up resulting in 50 events. A model with five predictors may not be powered to show statistical 

significance. 
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Table 6-9 Results of the survival model for predicting the risk of SCD/CA from the first QTc 
measurement during hospital admission 

 

 

 

 

 

 

 

 

Figure 6-4 contains examples of individual dynamic survival probabilities for three patients; the 

green line shows the mean predicted survival probability which is updated after each new 

measurement of QTc is taken into account (five measurements in total). This predicted survival 

probability is calculated for the four years of follow-up. This figure demonstrates the increasing risk 

with increasing values of QTc. For subject 1619, the two index admission measurements are 

prolonged above 500ms. These measurements result in a lower predicted survival probability 

compared with the other two example patients. After the inclusion of the shorter QTc of 425ms from 

the 1 month time point, the predicted survival probability for subject 1619 improves substantially.  

 

Even when a longer measurement of QTc is added to the joint model, as from the second to third 

time points for subject 120 (the last admission and 1 month measurements), the predicted survival 

probability still increases. This may be due to the survivor effect, which is consistent with other 

studies which have shown that for patients with impaired LV function, the highest risk of SCD lies in 

the first 30 days following MI.270 The dynamic prediction approach taken here illustrates the survivor 

effect in subject 120, where their survival past one month overrides the effect of a longer QTc 

interval. 

 

 

 

 

 

 

 

 

 

Following page: 

Figure 6-4 Dynamic survival predictions for three selected patients, showing the predicted 
mean probability of SCD/CA following the inclusion of each additional measure of QTc (up to 
five measurements)  

Variable Hazard ratio (95%CI) p 

QTc (ms) 1.077 (0.998-1.017) 0.112 

rs17779747 0.60 (0.38-0.96) 0.034 

rs12143842 1.11 (0.73-1.71) 0.620 

Age 1.00 (0.98-1.02) 0.979 

Gender 1.36 (0.70-2.64) 0.366 
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Discussion 

This investigation was performed to explore the variable nature of the measurement of the QTc 

interval and its value in predicting the risk of SCD/CA following ACS. Baseline measures are usually 

used to predict risk. However, we have shown that QTc varies greatly over time post-ACS, 

providing rationale to include multiple measures. Figure 6-2 exemplifies this, with only seven of the 

596 patients with at least one QTc measurement over 440ms having a consistently prolonged QTc 

on every ECG. The time point at which the most patients had a QTc >440ms was at the last 

admission ECG, which is consistent with other studies reporting the maximal QT length at 2-11 

days after an ACS event.276   

 

The incorporation of repeated measures of QTc into a joint longitudinal and survival model 

demonstrates that a longer QTc interval is a significant predictor of SCD/CA following ACS. This 

contrasts to using only the initial measure of QTc at the point of index admission, where no 

significant association is observed. The lack of association between the initial measurement of QTc 

and SCD/CA differs to the reported association in the preceding manuscript. However, the cohort 

for these exploratory analyses differs slightly as includes only those with full ECG data and follow-

up time has been censored resulting in fewer SCD/CA events.  

 

The joint models were then used to create individual survival predictions that can be updated as 

new measurements become available. The relevance of this is that risk prediction can be updated 

over time using the most current information which then reflects the changing disease and clinical 

status.  Such models potentially will enhance the understanding of the effect of biological variables 

which change over time on risk prediction. This is particularly relevant following acute physiological 

events where risk markers may fluctuate, and their behaviour in the medium to long term could be 

substantially different from the initial assessment. Joint modelling approaches have large potential 

for use in medical research where electronic health records and database linkage is enabling the 

collection and storage of repeated measurements of patient data. Examples relevant to 

cardiovascular research might include repeated measures of blood pressure, biomarkers such as 

NTproBNP, or any ECG or echocardiographic variables.  

 

Other studies have shown that when there is a relationship between a survival process and a 

longitudinal process, joint models produce more reliable estimates of risk compared with other 

methods such as two-stage modelling or time-dependent Cox models (these methods are not 

discussed here).499 This is because they concurrently determine the parameter estimates for the 

survival and longitudinal processes. 

 

This analysis has a number of limitations due to its exploratory nature. There are a limited number 

of SCD/CA events, and more events would have enabled the inclusion of more relevant clinical 

covariates. The availability of more QTc measurements over a longer timeframe may have 

strengthened the association between QTc length and SCD/CA. 
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Conclusion 

When repeated measures are taken into account, QTc interval duration is a significant predictor of 

SCD/CA in this cohort of patients surviving admission for an ACS. However, QTc is not a significant 

predictor when a single baseline measurement is used. This suggests that awareness of the 

variability of QTc following ACS is important, and should be taken into consideration when using 

QTc as a prognostic indicator. Joint modelling of the longitudinal and survival components of this 

process demonstrates and helps account for the dynamic relationship between QTc and SCD/CA. 

The joint modelling approach has potential uses for understanding the relationship between any risk 

marker that is recorded on more than one occasion and an outcome of interest. 
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 SUMMARY AND PERSPECTIVES Chapter 7.
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The research in this thesis primarily explores the role of genetic variants, specifically SNPs, in the 

risk of SCD. The investigations were carried out across three patient cohorts and disease types, 

spanning both inherited and acquired cardiovascular disease. In the process of bringing the data for 

the first cohort together (of patients with LQTS), I also examined the prevalence of LQTS as 

reported in the CIDG registry and discussed the development and issues surrounding this method 

of detecting LQTS in the community. 

7.1 Key results, significance and contribution 

7.1.1 Detection of long QT syndrome using a clinical registry 

The data presented in the manuscript contained in Chapter 3 provided proof-of-principle for the 

detection of LQTS via a consent-based registry that includes clinical genetic testing and referrals for 

sudden unexplained death in the young, as well as a description of the LQTS patient cohort in the 

northern region of New Zealand. In this region, the detected prevalence of LQTS is 1.5/10,000, and 

is 2.2/10,000 in central Auckland (the expected prevalence is 4/10,000). Publication of this 

information can facilitate the operation of similar programs in other countries, and can help counter 

the argument that population-based ECG screening is the only effective method to detect this 

syndrome. 

 

Subsequent to the publication of this manuscript, two manuscripts were published in September 

2014 in the journal Heart Rhythm with opposing views on the need for, and efficacy of, ECG 

screening for LQTS in infancy (one co-authored by the senior author of the current 

manuscript).500,501 The proponents for screening (Saul et al.) stop short of recommending mass 

routine ECG screening, but suggest that at the very least, parents of newborns should be informed 

about LQTS and that it may be diagnosed if an ECG is performed on their infant.500 An ECG at 3-4 

weeks of life is suggested followed by a second ECG if the first has a QTc >460ms, with an 

estimated false positive rate of 1/1000 with this method.  

 

Skinner and Van Hare counter this by arguing that ECG screening programs have not been 

evaluated in terms of outcome, so whether they will decrease the incidence of SCD is not known.501 

They present evidence on the unreliability of the ECG as a diagnostic tool and suggest the 

uncertainty introduced for large numbers of people with borderline results is an unquantifiable cost. 

Once the possibility of LQTS in a child has been raised, it is difficult to completely exclude a wrong 

diagnosis. Finally, they suggest a lack of data exists that could be applied to a multicultural society, 

with current relevant data predominantly from Italian infants and Japanese children. 

 

This debate will likely continue for some time yet, but the recent statement from the American Heart 

Association and the American College of Cardiology on ECG screening in the age group 12 to 25 

years does not recommend mass ECG screening of healthy young people and states that political 
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pressure from advocacy groups should not drive screening program design, indicating that opinion 

is swinging away from mandatory ECG screening.502 

7.1.2 The role of SNPs in repolarisation and arrhythmia risk in patients with 
long QT syndrome, patients with hypertrophic cardiomyopathy, and 
survivors of acute coronary syndromes 

The studies reported in Chapters 4-6 explored the role of a range of candidate arrhythmogenic 

SNPs in SCD and cardiac arrest, and in repolarisation time (represented by the QT or JT interval).  

Long QT syndrome 

The work presented in Chapter 4 investigated the role of disease-modifying SNPs in 273 patients 

with LQTS. Two identified risk loci (at NOS1AP and KCNQ1) were associated with the risk of SCD 

or resuscitated SCD, helping to explain the phenotypic variability seen in LQTS. Although 34 SNPs 

were included at the outset of the study, the SNPs at these two loci were the only significant 

associations after correction for multiple testing. These results demonstrated that previous evidence 

from relatively uniform cohorts of LQTS subjects (such as founder populations) also translate to a 

more diverse population such as the New Zealand cohort. This provided in a single study the 

analysis of a large number of candidate SNPs from different studies, and identified the relative 

importance of each SNP in our New Zealand cohort.  

 

A novel aspect of this study was the differences in allele frequencies between the Caucasian and 

Maori/Pacific Islander patient groups. In particular, the R1193Q polymorphism in the SCN5A gene 

was found in 17% of the Maori/Pacific Islander patient group, but is generally found in only 0.2% of 

Caucasians. This polymorphism has been described as possibly pathogenic as it can alter sodium 

channel dynamics and has been associated with sudden infant death syndrome,503 but has also 

been found in 12% of a population sample of Han Chinese. With such high frequencies in some 

ethnicities it is unlikely that this polymorphism is strongly pathogenic, though it may work in concert 

with other polymorphisms to alter arrhythmia risk. 

 

Since the publication of this manuscript, one further genetic modifier locus of note has been 

identified in a South African LQT1 founder population.504 This locus encompasses the AKAP9 gene 

that encodes for the A-kinase anchor protein known as yotaio, which forms part of the molecular 

complex of the potassium channel IKs with the subunits encoded by the KCNQ1 and KCNE1 genes 

(mutations in AKAP9 cause LQT11). Though multiple testing was not accounted for in this study, 

one intronic SNP was associated with minor changes in QTc length and three others with the risk of 

syncope or SCD.  

 

Accurate risk stratification for patients with LQTS in the future is likely to include both clinical and 

genotypic markers of risk. Further modifier SNPs will be identified incrementally, particularly in 
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founder populations where the relative homogeneity of the cohort can aid in the detection of 

associations. 

Hypertrophic cardiomyopathy 

Risk stratification to identify patients with HCM at the highest risk of SCD is a topic that is receiving 

increasing attention.208,212 Although ICD implantation offers a means to prevent SCD events in these 

patients, the number of interventions that can be made is limited by resources, and ICDs present 

their own inherent risks. Following the recent finding that QTc length predicts appropriate ICD 

therapy in patients with HCM,213 and given that certain SNPs have been linked to QTc length and 

SCD risk, I tested such SNPs for associations with the risk of SCD and cardiac arrest events 

(Chapter 5). Although none of the 19 genotyped SNPs were significantly associated with these 

events in the 228 Caucasian patients, the minor alleles of two SNPs from the NOS1AP gene were 

associated with a prolonged QTc interval, and a prolonged QTc was associated with SCD and 

cardiac arrest. The findings indicate that these SNPs are affecting repolarisation, but in the 

presence of severe structural heart disease and the associated arrhythmogenic substrates, the 

effects are not strong enough to alter the risk of SCD. However, it should be stressed that a 

conclusive result may require the analysis of a larger number of patients, and more SCD events, in 

order to increase statistical power. 

Acute coronary syndromes 

Mendelian arrhythmia syndromes (particularly LQTS) have served as paradigms for understanding 

the role of genetics in the risk of arrhythmia. Accordingly, the approach used for studying the effects 

of arrhythmogenic SNPs in patients with inherited arrhythmia syndromes was also applied to 

patients with acquired cardiovascular disease. Among 1680 patients surviving admission for an 

ACS at Christchurch and Auckland City Hospitals, 6.3% of the cohort subsequently had SCD/CA 

(Chapter 6). Thirty one SNPs were tested for associations with SCD/CA and prolonged 

repolarisation at various time points over the first year following the index admission. We identified 

associations between three SNPs (at the loci KCNJ2, GPC5 and C14orf64) and SCD/CA, and 

between two SNPs in NOS1AP and prolonged repolarisation on ECGs performed 12 months after 

the acute event. 

 

Of particular interest in this study was the way the effects of the SNPs varied over time following the 

ACS. The significant associations between the three SNPs and SCD/CA occurred at the point of 

admission, but not at 1 month or 12 months post-ACS. These SNPs may have been associated with 

acute ischaemia-related arrhythmias early after ACS, rather than the later re-entrant arrhythmias 

that can arise due to myocardial scar formation. The NOS1AP SNPs were associated with 

prolonged repolarisation on the ECG 12 months after the ACS but not at the point of admission or at 

1 month. The relatively minor effects of these SNPs on repolarisation appear to be swamped by the 

clinical impact of the ACS event until some relative stability is achieved after 12 months. 
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Reconciling the three SNP studies 

When assessed together, these studies indicate that the risk alleles of certain SNPs affect 

repolarisation or the risk of SCD, but that the relative influence of the allele depends on the disease 

type and clinical context. Of relevance to this is the associations found with SNPs in the NOS1AP 

gene across all three studies. Repolarisation reserve is the concept that there is some redundancy 

across the several ion channels involved in repolarisation, and therefore in some people, the loss or 

modification of one component of this will not lead to QTc prolongation and potential arrhythmias.317 

Patients with LQTS have a reduced repolarisation reserve because of their LQTS-causing mutation, 

so in the cohort with LQTS, the risk alleles in NOS1AP significantly increased the risk of SCD. In 

contrast, repolarisation in the patients with HCM and in patients surviving ACS may have been 

affected in some way by their respective diseases, but their repolarisation reserve was not reduced 

to the extent that the NOS1AP SNPs significantly increased the risk of an arrhythmia. 

 

However, there were three SNPs in different genes that were associated with SCD in multivariable 

models in the CDCS, demonstrating that SNPs can contribute to clinical risk stratification in patients 

with acquired cardiovascular disease. 

7.2 Overall strengths and limitations 

Three of the four major pieces of research contained in this thesis included patients from the New 

Zealand CIDG registry. The patients with LQTS and HCM had not previously been systematically 

described in terms of outcome, nor had they undergone any genetic investigations additional to their 

clinical genetic testing. Thus these patients represented a distinct cohort from many of the previous 

publications in these fields, particularly for LQTS where many related analyses have been carried 

out in the same cohort (the International LQTS Registry). The collaboration with the Centenary 

Institute (Sydney, Australia) for the research in Chapter 5 resulted in a cohort of HCM patients that 

was large enough for a genetic association study to be undertaken, something that would not have 

been possible with either the New Zealand or Australian cohort alone.  

 

The patients in the CDCS (Chapter 6) were well characterised, resulting in a very comprehensive 

dataset. Many previous genetic association studies investigating SCD in the setting of coronary 

artery disease include little or no clinical data in the statistical modelling of outcome.292,298,299 While I 

did not use full prognostic models (which include all possible relevant variables) due to the limited 

number of events, the inclusion of echocardiographic, neurohormonal, and other clinical data 

represents a step towards incorporating genetic information into more comprehensive risk models. 

The exploratory analysis of joint modelling approaches for repeated measures of QTc contained in 

the final section of Chapter 6 provides another example of incorporating genetic data into clinical 

risk models.  
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During the time period of recruitment for the CDCS the definition of MI has evolved. Troponins were 

introduced and included for the latter part of this period of recruitment. Since then the definition of 

MI has been revised,505 and this change in definition means the cohort is not the equivalent to that 

which would be recruited today. Under the new definition, it is likely that many of the patients in the 

CDCS who were diagnosed with unstable angina would be instead be diagnosed with a non-

STEMI. However the CDCS represents a very well characterised patient group presenting with an 

acute coronary event within which to study the influence of novel risk factors. 

 

A potential overall limitation of the analyses contained in this thesis is that only SNPs with previous 

associations were assessed for inclusion, possibly reducing the chance for novel findings. However, 

these SNPs were generally tested in different clinical contexts or disease types compared to the 

original studies in which they were identified, meaning these were not just confirmatory analyses. 

Also, the SNPs were largely selected from GWAS studies that involve extensive SNP coverage and 

very large sample sizes. My work focused on a limited number of SNPs with previous associations 

related to our outcomes of interest, thereby increasing the probability of finding significant 

associations. 

7.3 Future implications 

7.3.1 The CIDG Registry and the detection of LQTS 

The Cardiac Inherited Diseases Group and its associated registry have been in operation for 11 

years. While it is primarily a clinical tool, the value of the registry for research can only increase as 

more patients are registered and their associated clinical and genetic data are recorded. The group 

has until recently been largely funded by charitable organisations and run with one part-time 

national coordinator based in Auckland. The recent addition of two part-time coordinators in 

Hamilton and Wellington signal increased recognition of both the value of the registry and the need 

for cross-disciplinary management of inherited cardiac conditions. For a registry that is primarily a 

clinical tool, research represents additional value for health funders, particularly if it results in 

improvements in clinical practice or publicises examples of innovation or best practice within an 

organisation.389,393,400 The existence of registries can also help raise awareness of diseases within 

the clinical and wider community, particular for relatively rare conditions, and can help improve the 

collection of high-quality data.506 Reliable linkage of electronic medical records databases with the 

CIDG database would increase the ease and quality of the data collection (for example, electronic 

versions of ECGs instead of manual uploading of scanned traces). 

 

Registries that enable the detection of inherited heart diseases are becoming more commonplace, 

for example the Australian Genetic Heart Disease Registry was established in 2007 

(http://www.heartregistry.org.au). As these registries mature and enrol more patients, comparisons 

between their data and our own will shed further light on the success of detecting LQTS in this 

manner, as well as helping to identify areas for improvement.  

http://www.heartregistry.org.au/
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Whether ECG screening programs, registry-based approaches, or a combination of these becomes 

the predominant method for detection of LQTS remains to be seen.  

7.3.2 Genetic variants for risk stratification of SCD 

Clinical genetic testing for inherited cardiac conditions such as LQTS and HCM is increasingly being 

carried out with massively parallel (or “next generation”) sequencing technologies. At present this is 

usually with a targeted gene panel rather than whole-exome or whole-genome sequencing. Though 

whole-genome sequencing is not yet widely used, it will become more common as the cost of 

sequencing falls and the reliability of the generated data increases. These approaches should 

enable further genetic modifiers to be identified, as well as confirming the role of the SNPs identified 

in the work described here and in other studies. With the multi-genic background of acquired 

cardiovascular disease meaning that routine clinical genetic testing is not yet performed, the further 

exploration of genetic variants and risk in these patients is likely to develop later. 

 

In the rapidly-evolving field of massively parallel sequencing, challenges include the need to 

process and store the vast amount of data that is generated, and ethical discussions around 

incidental pathogenic findings and the way these findings are conveyed to the clinician and/or to the 

patients and their families. 

 

Identifying the relevant SNPs, genes and pathways through genetic association studies is the first 

step in determining their role in traits and diseases; equally important is the basic research required 

to understand how these variants affect function. Most results from genetic association studies 

(including GWAS) are yet to translate widely into clinical practice and much of the estimated 

heritability of different traits still appears to be “missing”, despite the publication of nearly 2000 

GWAS (of various traits) that each include over 100,000 SNPs.507,508 Data from the 1000 Genomes 

project has shown that there are 56 genetic variants in linkage disequilibrium with each previously 

reported GWAS signal, meaning fine mapping to find the functional variant is required.509 Also, the 

majority of variants identified in GWAS are in non-coding regions of the genome, as was the case 

for the studies in this thesis.  Several large projects are underway to annotate functional elements in 

non-coding regions of the genome, for example the Encyclopedia of DNA Elements (ENCODE).510 

Such projects aim to identify functional elements including promoters, enhancers, silencers, and 

miRNA binding sites, as well as create maps of chromatin structure and histone modification. 

 

Complex statistical approaches might help translate associations into functionality by integrating 

novel results from GWAS into known gene sets and regulatory networks.508,511 Alternatively there 

are laboratory-based approaches. For example, a recent publication identified the likely functional 

variant in the NOS1AP gene, and localised the protein to intercalated discs in cardiomyocytes. The 

authors used a variety of assays to accomplish this including luciferase reporter assays to test for 

cis-acting elements, enhanced green fluorescent protein assays in zebrafish, expression assays in 

human ventricular tissue, electrophysiological studies in transfected HEK293T cells, and NOS1AP 
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protein staining of human heart sections.368 Determining the function of identified risk loci might also 

help account for some of the missing heritability, if the true effect sizes are larger than those 

estimated by GWAS.511 

 

Although whole-genome sequencing will reveal much information about genetic variants, epigenetic 

and post-transcriptional modification will not be detected with these technologies, providing another 

layer of complexity. 

7.4 Specific research recommendations 

These recommendations for future research arise following the completion of the studies presented 

in this thesis. 

 If whole-genome sequencing becomes the predominant method for clinical genetic testing 

in inherited cardiac diseases, the accumulated data could represent a rich resource for 

research into the role of genetic modifiers across a variety of disease types. In general as 

these tests are implemented, ethical approval should be obtained to allow this data to be 

used for research purposes, ideally with the collection of the relevant clinical data  via 

patient registries. Additionally, the integration of this mass of data into large international 

cohort studies would increase statistical power and begin to address the  paucity of 

evidence for the role of genetic risk modifiers in non-Caucasians. 

 

 Future modelling of genetic modifiers could be carried out with induced pluripotent stem 

cells. For example, disease-specific models of LQT1, LQT2, LQT3 and LQT8 have been 

created using cardiomyocytes derived from patient samples (skin biopsies or blood 

samples). These cells are currently mostly used for electrophysiology studies and 

assessing reactions to drugs and compounds, but the combination of this technology with 

genome-editing technologies to introduce genetic variants as potential modifiers would 

provide a unique model to study their effects. The use of emerging genome-editing 

technologies to introduce modifier polymorphisms would be beneficial as the 

cardiomyocytes would otherwise be identical, reducing the potential for confounding due to 

different genetic backgrounds.  

 

 With the fields of medicine and genetics progressing at an increasingly fast pace, 

continuous clinical data collection is preferable to enable research to match clinical practice. 

This is exemplified by the definition of MI changing since the end of the CDCS (mentioned 

above). In New Zealand, this is now being implemented with the ANZACS-QI registry (All 

New Zealand ACS Quality Improvement), where data for all ACS events in New Zealand 

will be entered into a web-based registry.512 While its primary purpose is for quality 

improvement, specific research modules can be incorporated, providing a rich resource of 
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clinical data (and subsequently outcome data, as all patients in New Zealand can be 

tracked through their unique hospital identifier).  

 

 Future research should incorporate emerging statistical techniques to account for ethnic 

diversity in large genetic association studies. The SNP analyses reported in this thesis were 

stratified by ethnicity to reduce the potential for confounding caused by differing allele 

frequencies. In an increasingly multi-ethnic population such as New Zealand with the 

associated population admixture that occurs, continuing to include only Caucasian patients 

in such research presents an ethical dilemma. Until recently, principal components analysis 

has been used to account for population structure (such as that introduced by a mixture of 

ethnicities); recently mixed-linear-models have become the favoured method.513 These 

models involve building a genetic relationship matrix which models genome-wide sample 

structures, using a random-effects model to test how much this matrix affects the measured 

phenotypic variance, and then accounting for this when modelling associations.  

 

 Novel risk markers require prospective validation, so prospective studies will be required to 

test whether identified SNPs can incrementally improve risk prediction to the point that they 

change clinical decision making and lead to improved outcomes. There is a possibility that 

as increasing amounts of clinical patient data are collected and retained (which can be used 

in risk stratification), the additional information provided from SNP modifiers with relatively 

minor effects will be rendered redundant. 

 

 The study in Chapter 5 identified a pattern of low amplitude T waves in a large proportion of 

the patients with HCM. This has not been described before and should be quantified further 

with precise measurements. These measurements should be taken in the context of 

existing ECG risk prediction scores for SCD. 

 

7.5 Conclusion 

The data presented within this thesis provides further evidence of the role of genetic variants in the 

risk of SCD in both inherited and acquired cardiovascular disease, and the potential uses of this 

information to identify the individuals at highest risk. The future research suggested above aims to 

identify further genetic variants and the mechanisms by which their effects are exerted, clarify how 

this information can be integrated with currently used clinical risk markers, and help move towards 

application of these methods in clinical practice. 
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Appendix B  Primer sequences 

For all primer identifiers, E = mass specific extension primer; F = forward primer; 
R = reverse primer 

Table A-1. Long QT Syndrome primer sequences 

Primer identifier Sequence 

rs10494366 E TTATGGGAGGTATGCAG 

rs10494366 F ACGTTGGATGGATCAGATATTTATGGGAGG 

rs10494366 R ACGTTGGATGGTGTCCTAGATAGAGACCAG 

rs10798 E CACAATTAATAATCAAAATCACAC 

rs10798 F ACGTTGGATGTGTGGTGATTTGGATCTGTG 

rs10798 R ACGTTGGATGCCCAGCCTGTGATTCTCCA 

rs10919071 E GTTCTTTTAAAAAGTTTTACCTAGTA 

rs10919071 F ACGTTGGATGGTATAAGTCTCAGTGAGATG 

rs10919071 R ACGTTGGATGACTGACATCAGTCTTATTC 

rs11153730 E AACCTCTATCACTCTTAATTTCA 

rs11153730 F ACGTTGGATGCCATTTAACCTCTATCACTC 

rs11153730 R ACGTTGGATGTCCTCACAACACTAAAGTGC 

rs11720524 E ccgCCTTGGAAAGGTCAAAATTA 

rs11720524 F ACGTTGGATGTTCCCTTCCTTGGAAAGGTC 

rs11720524 R ACGTTGGATGGGAAGGCAGAGTTATCTTCG 

rs11970286 E ggcaTTCACTCCTCCTCCCATTC 

rs11970286 F ACGTTGGATGCCATGGTGTAACTCCCAGTC 

rs11970286 R ACGTTGGATGATACACCCTCACCTACCTTC 

rs12053903 E gagagAGAGGGGATCTGCTTAGTATC 

rs12053903 F ACGTTGGATGCTACATCTTGGGTTCTCAGG 

rs12053903 R ACGTTGGATGAAAGACCTGAGTTCTGGCCC 

rs12143842 E ggcgGCACTCCATGGGATATTTTT 

rs12143842 F ACGTTGGATGTTAGCACCCAGGGTCACATC 

rs12143842 R ACGTTGGATGGCTAGAGAGGCCTTCAACAG 

rs12296050 E cccaTCTCTCCTGGGCTCC 

rs12296050 F ACGTTGGATGTAGACTGTGCCCGGAAAATG 

rs12296050 R ACGTTGGATGATAAACTTCTGGGAATGGGC 

rs12567209 E ggaagTCAGAGATCATTTAATCCAGCT 

rs12567209 F ACGTTGGATGCTCTGGGCTTCAGATAGTTC 

rs12567209 R ACGTTGGATGGAACTGGAAGTTACTTCAGAG 

rs16847548 E TCCACATATTTTTCCTCTTC 

rs16847548 F ACGTTGGATGGGCTTAGTTCTTGGTATGGG 

rs16847548 R ACGTTGGATGACATACTGTGATGCTGGTCC 

rs17779747 E ACAAAGACAGAATTCTGGCTA 
 
continued over page 
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Table A-1 continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

continued over page  

Primer identifier Sequence 

rs17779747 F ACGTTGGATGTTTCCACTCACAGTTCCAGG 

rs17779747 R ACGTTGGATGGGCTCATCAAACAAAGACAG 

rs1800172 E ATCACCCAGCCCTGC 

rs1800172 F ACGTTGGATGAGAGAGGGCGGGGCCCACAT 

rs1800172 R ACGTTGGATGTGTTGCTGGGCAGGAAGAG 

rs1805123 E ccaGCAGGCGCACGGACA 

rs1805123 F ACGTTGGATGCAAGCGCAAGTTGTCCTTCC 

rs1805123 R ACGTTGGATGAGCTCCCAGCCTCACCTTGT 

rs1805124 E ttGAGAGCGAGAGCCACC 

rs1805124 F ACGTTGGATGGCAGATGATGAAAACAGCAC 

rs1805124 R ACGTTGGATGAGGGGCCAGGGCACCAGCA 

rs1805127 E CCTCCAGCTTGCCGTCAC 

rs1805127 F ACGTTGGATGTGTGGCAGGAGACAGTTCAG 

rs1805127 R ACGTTGGATGACGTAGAGGGCCTCCAGCTT 

rs1805128 E cccgCAACGTCTACATCGAGTCC 

rs1805128 F ACGTTGGATGCTCCAAGAAGCTGGAGCACT 

rs1805128 R ACGTTGGATGTAGGCCTTGTCCTTCTCTTG 

rs2234916 E cAGCATGTCTACTTTATCCAATTTC 

rs2234916 F ACGTTGGATGAAATTGCAGCAGGAGGGAAG 

rs2234916 R ACGTTGGATGCTTCGGAAGACGTCTTCCAG 

rs2242802 E GGGCACATGATGAGAA 

rs2242802 F ACGTTGGATGAGTGGATCCGTCTATTACCC 

rs2242802 R ACGTTGGATGATATCCACACTGGAAAGTGC 

rs2283222 E GCTTCCTCATTCAACCC 

rs2283222 F ACGTTGGATGAAAGGCGCCTAGAAGGCTGG 

rs2283222 R ACGTTGGATGGGCTGTGAAGCTTCCTCATT 

rs2519184 E aaaCTGGGCTTTTATTGCCGG 

rs2519184 F ACGTTGGATGAAATCCAGGACCCTGCCA 

rs2519184 R ACGTTGGATGATGGGCTCCTGGGCTTTTAT 

rs2824292 E AGTCCTTACAGGCTCTT 

rs2824292 F ACGTTGGATGATGCAGGCCATCTAGAAGTC 

rs2824292 R ACGTTGGATGTGTACTGGCATTGGTTGGTC 

rs37062 E cccaACGTCAGTGGTTCTTAACCC 

rs37062 F ACGTTGGATGATGGTGGCTCATGCCTGTAA 

rs37062 R ACGTTGGATGCGGCCACGTCAGTGGTTCT 

rs3815459 E taataCAGGGCGTGCCCCCC 

rs3815459 F ACGTTGGATGCTCAACAGGTGAGGGAGTG 
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Table A-1 continued 

 

  

Primer identifier Sequence 

rs3815459 R ACGTTGGATGTCCCTCTACCAGACAACACC 
rs3864180 E TGTTCATCTATTCAAAATGTAGTATA 

rs3864180 F ACGTTGGATGAAATGGACAATCCTGATAG 

rs3864180 R ACGTTGGATGACTTAAAAAAAGACAATCTC 

rs4074536 E GGTGTCTTCAGATAAGGTC 

rs4074536 F ACGTTGGATGGCCCTTTGGTTACTTACCTC 

rs4074536 R ACGTTGGATGTTGCCTCTACTACCATGAGC 

rs41261344 E CAGGTCTTGCGCAAC 

rs41261344 F ACGTTGGATGCGATGTGGTAGCAGGTCTTG 

rs41261344 R ACGTTGGATGATAGGCTGTGTCCGGCGCT 

rs4657139 E TGGCTAAAATAGGAGGACA 

rs4657139 F ACGTTGGATGCTCTCTTTGTCCTCTATTGG 

rs4657139 R ACGTTGGATGCCAGAAAATGATGAGGGTCC 

rs4725982 E AAGGCTGAGGGAGGTTACACC 

rs4725982 F ACGTTGGATGAGACCCGAATCTGGAACTGC 

rs4725982 R ACGTTGGATGGGGTGGTTGTTCATTTGTCC 

rs6795970 E GAGTCTGTTCCTCAGG 

rs6795970 F ACGTTGGATGGAAGCTGACATACCTACCTC 

rs6795970 R ACGTTGGATGGAACATCTTCTGAGGACCTG 

rs6801975 E gTGATAAGATGTATCTGAAGACATA 

rs6801975 F ACGTTGGATGTGGCTCATTCAAGGACTTGG 

rs6801975 R ACGTTGGATGAAAGCTGTCTACAAATGGC 

rs697829 E AAATGATCTATGACTCCAAC 

rs697829 F ACGTTGGATGCAAAAATCAGGCGTTACCAC 

rs697829 R ACGTTGGATGGGAGGGAAATGATCTATGAC 

rs8234 E ggTCCTTCTGGGCATTAC 

rs8234 F ACGTTGGATGAAGTGACGGTTCCTACACAG 

rs8234 R ACGTTGGATGACACAGATCCAAATCACCAC 

rs846111 E gGCTGGGCTCCGAACG 

rs846111 F ACGTTGGATGCGCCCCCATTTTTCTGTTTG 

rs846111 R ACGTTGGATGTAAAGGAAACAGCTGGGCTC 

rs9398652 E CCCATATAGAGCTTTATTTCA 

rs9398652 F ACGTTGGATGATGGCCTAACTTGTTTTCCC 

rs9398652 R ACGTTGGATGTGCCTGTAACATGGTTTTAG 

rs9470361 E aACCTGCACTAAGTGTGTCTG 

rs9470361 F ACGTTGGATGCTCTAAAAAGGATGTGTGAC 

rs9470361 R ACGTTGGATGTGAGAGTTTCAGGCGTTACC 
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Table A-2 Hypertrophic cardiomyopathy analysis primer sequences 

 

continued over page  

Primer identifier Sequence 
rs1042714 E CCACACCTCGTCCCTTT 

rs1042714 F ACGTTGGATGAGCGCCTTCTTGCTGGCAC 

rs1042714 R ACGTTGGATGACATGACGATGCCCATGCC 

rs10494366 E gggtcTTTATGGGAGGTATGCAG 

rs10494366 F ACGTTGGATGGATCAGATATTTATGGGAGG 

rs10494366 R ACGTTGGATGGTGTCCTAGATAGAGACCAG 

rs10503929 E CGGTCTGAACGAAACAATA 

rs10503929 F ACGTTGGATGCAGAGCCTTCGGTCTGAAC 

rs10503929 R ACGTTGGATGTTCACCAGCTGGACATTCTC 

rs10919071 E TTCTTTTAAAAAGTTTTACCTAGTA 

rs10919071 F ACGTTGGATGGTATAAGTCTCAGTGAGATG 

rs10919071 R ACGTTGGATGACTGACATCAGTCTTATTC 

rs10919854 E cTCTATATGCAGTCTCCTAAG 

rs10919854 F ACGTTGGATGTTTCTGGAACTCTTATTGGG 

rs10919854 R ACGTTGGATGGTACTAGAAGTAATTACTCG 

rs11153730 E gACCTCTATCACTCTTAATTTCA 

rs11153730 F ACGTTGGATGCCATTTAACCTCTATCACTC 

rs11153730 R ACGTTGGATGTCCTCACAACACTAAAGTGC 

rs12143842 E AGGGTCACATCCCAGTT 

rs12143842 F ACGTTGGATGCTGAATTAGCACCCAGGGTC 

rs12143842 R ACGTTGGATGAGCTAGAGAGGCCTTCAACA 

rs1805124 E ccccAGAGCGAGAGCCACC 

rs1805124 F ACGTTGGATGATGATGAAAACAGCACAGCG 

rs1805124 R ACGTTGGATGAGGGGCCAGGGCACCAGCA 

rs2074238 E ACCTCAAAGTCACGC 

rs2074238 F ACGTTGGATGAGGCTGCCTGCCACCTCAAA 

rs2074238 R ACGTTGGATGGGGAGTACACCCATAAACAC 

rs2077316 E gGGCAGAGAGGAGCTTTAC 

rs2077316 F ACGTTGGATGATGTGGATAACTGGAGGGTG 

rs2077316 R ACGTTGGATGGATAGAGGCTACCCACTTTG 

rs2200733 E GTACTTGGGTTTTGATTTTGAT 

rs2200733 F ACGTTGGATGTGGTGGTACTTGGGTTTTG 

rs2200733 R ACGTTGGATGCCCCAAACTTTCTGGAAAAT 

rs2283222 E GGCAGGGGAGCAATGGA 

rs2283222 F ACGTTGGATGAAAAGGCGCCTAGAAGGCTG 

rs2283222 R ACGTTGGATGGGCTGTGAAGCTTCCTCATT 

rs37062 E TCAGTGGTTCTTAACCC 
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Table A-2 continued 

  
Primer identifier Sequence 

rs37062 F ACGTTGGATGCAGGCGGGTCACTTGAGGG 

rs37062 R ACGTTGGATGACAGCGCCCGGCCACGTCA 

rs3807989 E gGGTGTCAATTTGGTAGCACA 

rs3807989 F ACGTTGGATGGTTCAGTGTCACTTGTTTGG 

rs3807989 R ACGTTGGATGGTCCTCTGGTGTCAATTTGG 

rs3815459 E tgatGGAGTGCAGGTGGGGT 

rs3815459 F ACGTTGGATGAGCTCAACAGGTGAGGGAGT 

rs3815459 R ACGTTGGATGTCCCTCTACCAGACAACACC 

rs4074536 E cgcaGGTGTCTTCAGATAAGGTC 

rs4074536 F ACGTTGGATGGCCCTTTGGTTACTTACCTC 

rs4074536 R ACGTTGGATGTTGCCTCTACTACCATGAGC 

rs41261344 E CAGGTCTTGCGCAAC 

rs41261344 F ACGTTGGATGCGATGTGGTAGCAGGTCTTG 

rs41261344 R ACGTTGGATGATAGGCTGTGTCCGGCGCT 

rs6730157 E tcGGGTTGAATAACAACCTGTAA 

rs6730157 F ACGTTGGATGGCATATAGTTTCTGGAGCCC 

rs6730157 R ACGTTGGATGCACACTGAGATTTAGGGTTG 

rs6795970 E ggGAGTCTGTTCCTCAGG 

rs6795970 F ACGTTGGATGAGGAAGCTGACATACCTACC 

rs6795970 R ACGTTGGATGCTGGAACATCTTCTGAGGAC 

rs7366407 E gATGAAAATTGTTTCCCACG 

rs7366407 F ACGTTGGATGGTTATTGTTACATATTATGGC 

rs7366407 R ACGTTGGATGCTCAGCTACTGGGAACATGA 

rs7521023 E cctcAGAAGGATCATCTTGGCT 

rs7521023 F ACGTTGGATGAGTTTGCTTCCAAGGCTGAG 

rs7521023 R ACGTTGGATGTACCTCGAACATCAGTTGGG 

rs876188 E ggttTGAGATAACAAGAGTCTGAC 

rs876188 F ACGTTGGATGCCCAACTACAAGGGAATGTG 

rs876188 R ACGTTGGATGGACATCCTGACAAAGACTGC 
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Table A-3 Coronary Disease Cohort Study primer sequences 

Primer identifier Sequence 

rs1042714 E ACACCTCGTCCCTTT 

rs1042714 F ACGTTGGATGAGCGCCTTCTTGCTGGCAC 

rs1042714 R ACGTTGGATGACATGACGATGCCCATGCC 

rs10494366 E ccgagATTTATGGGAGGTATGCAG 

rs10494366 F ACGTTGGATGGATCAGATATTTATGGGAGG 

rs10494366 R ACGTTGGATGGTGTCCTAGATAGAGACCAG 

rs10503929 E aTTCGGTCTGAACGAAACAATA 

rs10503929 F ACGTTGGATGCAGAGCCTTCGGTCTGAAC 

rs10503929 R ACGTTGGATGTTCACCAGCTGGACATTCTC 

rs10757274 E acCAAATCTAAGCTGAGTGTTG 

rs10757274 F ACGTTGGATGCGTGGGTCAAATCTAAGCTG 

rs10757274 R ACGTTGGATGTAGAATTCCCTACCCCTATC 

rs10919071 E GTTCTTTTAAAAAGTTTTACCTAGTA 

rs10919071 F ACGTTGGATGGTATAAGTCTCAGTGAGATG 

rs10919071 R ACGTTGGATGACTGACATCAGTCTTATTC 

rs10919854 E cctccATTTCTATATGCAGTCTCCTAAG 

rs10919854 F ACGTTGGATGTTTCTGGAACTCTTATTGGG 

rs10919854 R ACGTTGGATGGTACTAGAAGTAATTACTCG 

rs11153730 E gTTAACCTCTATCACTCTTAATTTCA 

rs11153730 F ACGTTGGATGCCATTTAACCTCTATCACTC 

rs11153730 R ACGTTGGATGTCCTCACAACACTAAAGTGC 

rs11897119 E AACTATATGATGTGAAGAAACAAC 

rs11897119 F ACGTTGGATGCAGAAACTATATGATGTGAAG 

rs11897119 R ACGTTGGATGTCATTACCACTACCTGGAGC 

rs12143842 E GGGTCACATCCCAGTT 

rs12143842 F ACGTTGGATGCTGAATTAGCACCCAGGGTC 

rs12143842 R ACGTTGGATGAGCTAGAGAGGCCTTCAACA 

rs17779747 E CTTGTGAGGTCCAAATG 

rs17779747 F ACGTTGGATGTTTCCACTCACAGTTCCAGG 

rs17779747 R ACGTTGGATGCAGGCTCATCAAACAAAGAC 

rs1801253 E CGCAAGGCCTTCCAG 

rs1801253 F ACGTTGGATGAACCCCATCATCTACTGCCG 

rs1801253 R ACGTTGGATGAGCCCTGCGCGCGCAGCAGA 

rs1805123 E tgtaCTTCCGCAGGCGCACGGACA 

rs1805123 F ACGTTGGATGAAGCGCAAGTTGTCCTTCC 

rs1805123 R ACGTTGGATGAGCTCCCAGCCTCACCTTGT 
 

continued over page 
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Table A-3 continued 

Primer identifier Sequence 
rs1805124 E aggtAGAGCGAGAGCCACC 

rs1805124 F ACGTTGGATGATGATGAAAACAGCACAGCG 

rs1805124 R ACGTTGGATGAGGGGCCAGGGCACCAGCA 

rs1934968 E TGGGCTTAATGTCTCTTTATC 

rs1934968 F ACGTTGGATGCTGTATCTGAGTTAATATTG 

rs1934968 R ACGTTGGATGGCTCTCCTAGAAATTCTAGC 

rs2074238 E GCCACCTCAAAGTCACGC 

rs2074238 F ACGTTGGATGAGGCTGCCTGCCACCTCAAA 

rs2074238 R ACGTTGGATGGGGAGTACACCCATAAACAC 

rs2077316 E aAGGCAGAGAGGAGCTTTAC 

rs2077316 F ACGTTGGATGATGTGGATAACTGGAGGGTG 

rs2077316 R ACGTTGGATGGATAGAGGCTACCCACTTTG 

rs2132570 E ccttGCCTTCGTCACCCCGGGGC 

rs2132570 F ACGTTGGATGCTCATAAGAAAATGACGGTGC 

rs2132570 R ACGTTGGATGTTTCGTTCCCTCTTGTACT 

rs2200733 E TACTTGGGTTTTGATTTTGAT 

rs2200733 F ACGTTGGATGTGGTGGTACTTGGGTTTTG 

rs2200733 R ACGTTGGATGCCCCAAACTTTCTGGAAAAT 

rs2283222 E ggAGCTTCCTCATTCAACCC 

rs2283222 F ACGTTGGATGAAAAGGCGCCTAGAAGGCTG 

rs2283222 R ACGTTGGATGGGCTGTGAAGCTTCCTCATT 

rs2639365 E tATGACTTTAGCTATCATAGTAACAAC 

rs2639365 F ACGTTGGATGCATGACTTTAGCTATCATAG 

rs2639365 R ACGTTGGATGAAATCGAAAGGTCTGATGTC 

rs2824292 E cccccAGTCCTTACAGGCTCTT 

rs2824292 F ACGTTGGATGGGCCATCTAGAAGTCCTTAC 

rs2824292 R ACGTTGGATGTGTACTGGCATTGGTTGGTC 

rs3807989 E cTGGTAACACTCAACATCAAC 

rs3807989 F ACGTTGGATGGTTCAGTGTCACTTGTTTGG 

rs3807989 R ACGTTGGATGGTCCTCTGGTGTCAATTTGG 

rs3815459 E tcaaAGGTGAGGGAGTGGAGGTGGGGT 

rs3815459 F ACGTTGGATGAGCTCAACAGGTGAGGGAGT 

rs3815459 R ACGTTGGATGTCTCCCTCTACCAGACAACA 

rs3864180 E cCTTAAAAAAAGACAATCTCAAATAAAA 

rs3864180 F ACGTTGGATGCCTGATAGTTAAAAAGTGTC 

rs3864180 R ACGTTGGATGACTTAAAAAAAGACAATCTC 
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Table A-3 continued 

Primer identifier Sequence 
rs4074536 E gggtAGCCGGTGTCTTCAGATAAGGTC 

rs4074536 F ACGTTGGATGGCCCTTTGGTTACTTACCTC 

rs4074536 R ACGTTGGATGTTGCCTCTACTACCATGAGC 

rs41312391 E ccatCCCACAAGGGCAAGATCTC 

rs41312391 F ACGTTGGATGTTCCAGAGAGGCTGAACTCC 

rs41312391 R ACGTTGGATGAGGGAATCAGTGTCTGCATC 

rs6795970 E cctCCTACCTCAGCAGGG 

rs6795970 F ACGTTGGATGAGGAAGCTGACATACCTACC 

rs6795970 R ACGTTGGATGCTGGAACATCTTCTGAGGAC 

rs7132154 E GGACAGGGTGATTGTG 

rs7132154 F ACGTTGGATGTGTTGGTTGAAACGTCAGGC 

rs7132154 R ACGTTGGATGATTTTTGTGGCTCTAGGGAC 

rs7157599 E ggaCATGGGCAACAGCGCGAGCCGCA 

rs7157599 F ACGTTGGATGTCACCCAGTATCTCCTTGCG 

rs7157599 R ACGTTGGATGACCATGGGCAACAGCGCGA 

rs735951 E GCTTAGGGTAACACAGGG 

rs735951 F ACGTTGGATGAGAGAAGAGACGAGGCTTAG 

rs735951 R ACGTTGGATGACTCAGTCTCCCCAAAGCC 

rs846111 E aaccGCTGGGCTCCGAACG 

rs846111 F ACGTTGGATGACATCGCCCCCATTTTTCTG 

rs846111 R ACGTTGGATGTAAAGGAAACAGCTGGGCTC 

rs876188 E aattTGAGATAACAAGAGTCTGAC 

rs876188 F ACGTTGGATGCCCAACTACAAGGGAATGTG 

rs876188 R ACGTTGGATGGACATCCTGACAAAGACTGC 

rs9838682 E gGCACTAAAATATGGCATTTGAGTATG 

rs9838682 F ACGTTGGATGCTATCTGTATCTATCTGTTCG 

rs9838682 R ACGTTGGATGCTCTATGCACTAAAATATGGC 
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	THESIS OUTLINE
	This thesis explores the role of genetic variants in the risk of sudden cardiac death, with four separate research studies within this theme. The studies are preceded by a literature review and a description of selected methodologies. Each study is pr...
	Chapter 1 contains a comprehensive literature review providing background on sudden cardiac death relevant to this thesis. In particular the causes of sudden cardiac death from both inherited and acquired cardiovascular diseases are discussed, as well...
	The research studies completed during this candidature are presented in Chapters 3-6. For each chapter, material that was presented only as online supplementary data in the published version is displayed at the end of the manuscript.
	The research presented in Chapter 3 resulted from ongoing international debate around the optimal method for detecting long QT syndrome in the community and the value of ECG screening programs for infants. This study assesses the effectiveness of dete...
	Chapters 4, 5, and 6 report three studies investigating the role of single nucleotide polymorphisms in sudden cardiac death in three separate clinical cohorts, each already at an increased risk of arrhythmias from the participants’ underlying cardiac ...
	The research presented in Chapter 4 includes patients with long QT syndrome from the New Zealand Cardiac Inherited Diseases Registry. The study assesses the clinical relevance of 29 candidate single nucleotide polymorphisms for risk stratification of ...
	Chapter 5 contains a study applying a similar methodology to assess the risk of sudden cardiac death or a prolonged QTc conferred by 19 candidate single nucleotide polymorphisms in a cohort of patients with hypertrophic cardiomyopathy. This study also...
	The final study contained in Chapter 6 assesses 31 candidate arrhythmogenic single nucleotide polymorphisms for associations with sudden cardiac death events in patients with acquired cardiovascular disease. The study includes patients surviving an ad...
	Chapter 7 briefly summarises the results of the four studies and discusses the wider context and clinical relevance of the findings, as well as making some specific future research recommendations.

	Chapter 1. SUDDEN CARDIAC DEATH:     A REVIEW
	Cardiovascular diseases are disorders of the heart and blood vessels, and are the leading global cause of death.1 Coronary artery disease and stroke account for nearly 80% of all cardiovascular death, with the remainder due to hypertension, peripheral...
	Sudden cardiac death usually results from cardiac arrhythmias; these can occur as discrete events, or following another incident such as an acute myocardial infarction (MI). Ventricular fibrillation  (uncoordinated contraction of the ventricles, VF), ...
	The progression from cardiac arrest to biological death depends on the underlying disease process and the mechanism of the arrest, as well as the length of time before resuscitation is attempted.  Irreversible brain damage occurs four to six minutes a...
	1.1 Epidemiology
	1.1.1 Incidence of sudden cardiac death
	The incidence of SCD worldwide is difficult to estimate, and it varies as a result of countries’ differing cardiovascular disease profiles and coronary artery disease prevalence. Several methods are employed to estimate incidence: retrospective examin...
	A recent systematic review of the incidence of SCD in the United States found that the true incidence of SCD remains unclear, with the published incidence ranging from 53 per 100,000 to 160 per 100,000 deaths per year.7  Only six studies were identifi...
	Several prospective community studies have attempted to estimate incidence more accurately. One such study in four regional populations in China (n = 678,718) found 42 deaths per 100,000 per year and another in Western Ireland (n = 414,277) recorded 5...
	Along with mortality from coronary artery disease, the incidence of SCD has declined in those with and without a previous history of heart disease, for example over 50 years in the Framingham Heart Study the risk of SCD declined 49%.17 This is consist...

	1.1.2 Age distribution, sex differences and ethnicity
	Sudden cardiac death rates peak in infancy, and between 45 - 75 years of age. Although the incidence of SCD increases with age, the proportion of deaths that are sudden decreases.19 The disorders responsible for SCD in the young are distinctly differe...
	Women have a lower rate of SCD compared with men, though the difference decreases with increasing age and the recent decline in SCD rates has been less in women than men.11,21,22 Reasons for the gender difference remain unclear. Although cardiovascula...
	The variation in incidence of SCD between different ethnicities has not been well researched; this is compounded by the scarce SCD data available from most of the developing world. Separate studies in Chicago and Seattle found African-American men and...
	Although ethnicity based data on SCD in New Zealand is not available, coronary artery disease prevalence is highest in Indian males of all ages, and in Maori females of all ages.26 Adjusting for area-based deprivation reduced but did not fully explain...

	1.1.3 Circadian variation
	Several studies have reported daily, weekly, and seasonal variation in SCD.27-30  In the general population death rates appear to peak in the early mornings, on Mondays, and over the winter. Although these studies were based on retrospective analysis ...
	Recently, cardiac repolarisation and ion-channel expression in mice has been shown to have an endogenous circadian rhythm due to transcriptional control of a potassium current subunit by the circadian clock gene Klf15.32 Alterations in Klf15 protein l...


	1.2 Cardiac conduction and electrophysiology
	An understanding of normal cardiac conduction and the ion channels and currents underlying this system is helpful when examining the causes of SCD.
	1.2.1 Structure of the cardiac conduction system
	Cardiac action potentials travel through both specialised conduction tissue and normal myocardium. Specialised tissue includes the sinoatrial node, atrioventricular node, the bundle of His, the left and right bundle branches and the Purkinje fibre net...
	The sino-atrial node is the pacemaker of the human heart, a pack of cells 10-20mm long and 2-3mm wide situated at the junction of the right atrium and the superior vena cava (Figure 1-1). A range of cell types can be found in the area but the spindle-...
	Figure 1-1 The conduction system of the heart.
	Reproduced from http://www.nottingham.ac.uk/nursing/practice/resources/cardiology/function/conduction.php
	A wave of depolarisation then spreads through the atria to the atrioventricular junction, consisting of the atrioventricular node and the bundle of His. Conduction slows through this area as the impulse is transmitted to the ventricles, allowing them ...

	1.2.2 The electrocardiogram
	The electrocardiogram (ECG) measures the electrical activity of the heart through electrodes placed at specific locations on the skin. These detect the electric field generated by the ion currents involved in cardiac conduction. As the waves of depola...
	The standard ECG has 12 leads, comprised from nine electrodes. The limb leads are I, II and III (which are bipolar), and the potential difference between two leads is measured. The leads aVR, aVL and aVF, and the precordial leads V1-V6 are unipolar, w...
	Figure 1-2 A normal electrocardiogram tracing of one cardiac cycle

	1.2.3 Ion channels and cardiac conduction
	The movement of charged ions across the cell membrane through ion channels forms the basis of the cardiac action potential. Non-pacemaker cells (atrial and ventricular myocytes) have a negative resting membrane potential of around -90millivolts compar...
	Figure 1-3 A cardiac action potential (A) above a surface ECG trace (B) showing the five phases of cardiac depolarisation and repolarisation.
	The cardiac action potential has five phases (Figure 1-3). Once stimulated by an adjacent cell, depolarisation occurs at phase 0 through a rapid transient influx of Na+ (current = INa) through fast Na+ channels. This is terminated at phase 1 when the ...


	1.3 Pathophysiology of sudden cardiac death
	For a fatal arrhythmia to occur, there must be an underlying structural or electrophysiological abnormality (such as ischaemic heart disease or an inherited arrhythmia syndrome), plus a transient trigger for the arrest.3,4  A cardiac arrest can be tac...
	The formation of an arrhythmia can be due to either abnormal action potential formation, or abnormal action potential propagation.36 Abnormal action potential formation is usually due to early after-depolarisations or delayed after-depolarisations (Fi...
	Figure 1-4 Cardiac action potentials with an early after-depolarisation (top) and delayed after-depolarisation. Dotted lines indicate the possible extra action potential that could be generated.
	Figure reproduced with permission from Martin, C.A et al. Heart 2012; 95:536-54336
	Abnormal propagation, or a re-entrant arrhythmia, occurs when the depolarisation wave is not extinguished as it should be, thus reactivating regions of the myocardium. Re-entrant arrhythmias require an obstacle for the impulse to circulate around (suc...
	Bradyarrhythmias and asystolic arrest are more likely to occur in severely diseased hearts, when automatic cell activity in the His-Purkinje system fails to act as the heart’s backup pacemaker. Increased extracellular potassium concentration (caused b...

	1.4 Inherited causes of sudden cardiac death
	Both acquired and inherited disease can cause cardiac arrest, the precursor to SCD. Although approximately 80% of SCD occurs in the setting of coronary artery disease, inherited diseases (particularly the cardiac channelopathies) are more common in yo...
	The existence and genetic basis of inherited arrhythmogenic disorders, beyond known family histories of disease and sudden death, was proven when the first gene mutations to cause long QT syndrome (LQTS) were identified in 1995.38,39 Long QT syndrome ...
	Long QT syndrome and hypertrophic cardiomyopathy (HCM) are important components of this thesis and are therefore covered in detail; other inherited causes of SCD are briefly discussed.
	1.4.1 Long QT syndrome
	Hereditary LQTS is an important cause of SCD in children and adolescents without structural heart disease. It is characterised by prolonged ventricular repolarisation and susceptibility to life-threatening arrhythmias, particularly in association with...
	The first and rarer form described by Jervell and Lange-Nielsen in 1957 is an autosomal recessive disease where the cardiac features are associated with neurosensory deafness.41 The more common form of LQTS is an autosomal dominant trait (Romano Ward ...
	Epidemiology and clinical features of LQTS
	The prevalence of LQTS is estimated to be 1 in 2,500 according to a large ECG screening study of 45,000 infants in Italy.44 Diagnosis has traditionally been clinically-based, predominantly from a 12-lead ECG. Typical ECG features of LQTS include QT pr...
	Figure 1-5 The onset of torsades de pointes in a patient with LQTS.
	Figure reproduced with permission from Chiang and Roden, J Am Coll Cardiol 2000;36:1-1246
	The QT interval shortens with increasing heart rate, so to aid ECG interpretation the QT interval is “corrected” using a formula, most often Bazett’s formula: QTc = QT/√RR interval (in seconds). In the original diagnostic criteria for LQTS published i...
	As the genetic basis of LQTS has been revealed, genetic testing has become part of routine clinical practice in many parts of the world (including New Zealand), with results increasingly guiding diagnosis, risk prediction and treatment.49 Mutations ar...
	The clinical severity of LQTS varies widely, even amongst patients with identical mutations. Affected patients can have a severely prolonged QTc interval with recurrent syncope or cardiac arrest while others have subclinical disease with a normal QTc ...
	A diagnosis of LQTS can be made even during the foetal or neonatal period. Complex arrhythmias including second degree atrioventricular block and torsades de pointes have been observed in the foetus during pregnancy, and predictors of LQTS based on fo...
	Genetic basis of LQTS
	Thirteen genes have been linked to LQTS, though mutations in KCNQ1, KCNH2, and SCN5A account for over 90% of genotyped patients (Table 1-1).40  Repolarisation is prolonged by loss of function mutations in the KCNQ1 gene affecting the slow acting potas...
	Figure 1-6 Normal and LQTS-affected cardiac action potentials and corresponding ECG tracings.  A: normal repolarisation. B: Prolonged repolarisation due to persistent sodium flow into the cell (LQT3), or reduced potassium flow out of the cell (LQT1, L...
	Figure reproduced with permission from Abrams D.J., and MacRae C.A. Circulation 2014;129:1524-152953
	IKs= repolarising outward slow rectifying potassium current, IKr = repolarising outward rapid rectifying potassium current, INa = depolarising inward sodium current (fast),
	INCX = sodium/calcium exchanger current, IK1 = Kir2.1 inward rectifying current, ICa,L =depolarising inward calcium current (slow), IKAch = acetylcholine-sensitive potassium current
	The other forms of LQTS are either complex clinical disorders where prolongation of the QT interval is a secondary part of the disease (LQT4, LQT7), or rare diseases that have only been identified in either single individuals or a few families worldwi...
	Brief descriptions of these forms follow below.
	 LQT4, gene  = ANK2 | LQT4 results from the loss of function of the ankyrin B protein involved in membrane protein localisation, leading to an increase in intracellular Na+.55 QT prolongation is usually found only in those with the most severe mutati...
	 LQT7 (Anderson-Tawil syndrome), gene = KCNJ2 | LQT7 is characterised by QT prolongation and large U waves, dysmorphic facial features, and periodic paralysis.58
	 LQT8 (Timothy syndrome), gene = CACNA1C | LQT8 is a complex phenotype resulting from an increased calcium current.59 As well as a prolonged QT interval patients can have syndactyly, structural congenital heart disease, immune deficiency, intermitten...
	 LQT9, gene = CAV3 | CAV3 encodes caveolin-3, a protein that coats the caveolae (folds in the cell plasma membrane) with a role in signalling and interaction with the sodium channel Nav1.5.60
	 LQT10, gene =  SCN4B  | This sodium channel mutation has only been described in a single family.61
	 LQT11, gene = AKAP9 | The affected protein is involved in the response of the potassium current IKs to ß-adrenergic stimulation.62
	 LQT12, gene = SNTA1 | Mutations in this gene encoding α1-syntrophin can increase peak/late sodium current.63
	  LQT13, gene = KCNJ5 | Recently identified in a large Chinese family, KCNJ5 encodes the Kir3.4 subunit of the IKAch current.64
	Genotype-phenotype studies have helped to define genotype-specific clinical features of LQT1-LQT3, which are used for both diagnosis and risk stratification. Genotype-specific ECG patterns have emerged, where LQT1 patients have broad T waves, LQT2 pat...
	Figure 1-7 Examples of typical ECG tracings for long QT syndrome types 1-3 (a-c), Brugada syndrome type 1 pattern (d) and catecholaminergic polymorphic tachycardia (e).
	Figure reproduced with permission from Wilde A.M. and Behr E.R Nat Rev Cardiol 2013;1:571-58367
	The prevalence of multiple LQTS-causing mutations is estimated at 8-11% of unrelated patients with LQTS.68-70 In one large cohort, patients with multiple mutations in a single LQTS gene had a 3.2-fold increased risk of a life threatening cardiac event...
	Triggers for syncope or cardiac arrest in patients with LQTS differ between genotypes.72-74 In patients with LQT1, these events are often triggered through sympathetic activation resulting from exercise (swimming in particular) or emotion. Males have ...
	Wedges of arterially perfused canine left ventricles, expression systems in mammalian cells, and other disease models have been used to explore how the activation of the sympathetic nervous system affects arrhythmia formation through beta-adrenergic r...
	In models of LQT2, the effects of beta-adrenergic agonists suggest that torsades de pointes is provoked by a large but transient increase in the dispersion of repolarisation, leading to early after-depolarisations and extra beats.79 This aligns with s...
	Patient-specific mutations can now be modelled in cardiomyocytes derived from a patient's induced pluripotent stem cells. This has been achieved with cells from patients with LQT1, LQT2, LQT3, and LQT8.80-83 The cells can be used for disease modelling...
	Genetic modifiers of LQTS
	The penetrance of LQTS is extremely variable even within families, where it has been shown to range from 25-100%.84,85 Variation is influenced by age, gender, environmental factors, genotype, and also modifier genes and polymorphisms.86 Both synonymou...
	In patients with LQT1, three modifier SNPs were recently identified in the 3’ untranslated region (UTR) of the KCNQ1 gene (rs2519184, rs8234, and rs10798) (Table 1-2).87 The 3’UTR region of a gene can contain binding sites for small non-coding micro-R...
	The SNP rs1805125 (K897T) in the KCNH2 gene was one of the first modifier SNPs identified in patients with LQTS.88 The minor allele of this polymorphism has been shown to have effects in opposing directions in various studies (including those in the g...
	The NOS1AP gene was first identified during GWAS studies of the QT interval in healthy subjects, and several SNPs in this gene have since been associated with QTc length and cardiac events in patients with LQTS (Table 1-2).90,91 See section 1.6.1 for ...
	Risk stratification in LQTS
	Clinical characteristics such as the degree of QTc prolongation have consistently been shown to identify the patients at highest risk. Data from the International LQTS Registry have demonstrated that a QTc interval >500ms and prior syncope are the maj...
	Males are at a higher risk of these arrhythmic events before adolescence, whereas females are at a higher risk during adolescence and into adulthood, including an increased risk in the post-partum period.101,105-108  These gender and age effects diffe...
	Arrhythmia risk is also affected by the autonomic nervous system; patients with LQT1 with relatively lower baroreflex sensitivity, indicating a “blunted” autonomic response, have a decreased risk of life-threatening cardiac events.93 In those with hig...
	For mutation carriers with a normal QTc (up to 25% of cases), the gene in which the mutation is found is a significant predictor of cardiac arrest or SCD.51 In this sub-group, LQT1 patients had a 10-fold and LQT3 an 8-fold increase in the risk of even...
	The location of pathogenic mutations within a protein can also refine risk stratification for SCD. The KCNQ1-encoded protein KvLQT1 has 676 amino acids with an intracellular C-terminus region, 6 membrane-spanning segments with two cytoplasmic connecti...
	Figure 1-8 The KCNQ1-encoded protein KvLQT1 with KCNE1-encoded MinK
	Mutations within the transmembrane region, particularly the C-loops, have been associated with a greater risk of cardiac events, though this was later shown to be only the case in women.74,111-113 C-loop mutations also show an association with exercis...
	For LQT2 risk stratification, mutation location within the KCNH2 gene also affects the risk of arrhythmias. KCNH2 encodes for the Kv11.1 α-subunit which forms a tetramer along with KCNE2-encoded β-subunits MirP1 to create the rapid delayed rectifying ...
	Mutations in the p-loop are more likely to have dominant negative effects on channel function (>50% reduction in channel function as defective channels are formed with wild-type subunits) compared with mutations in other regions where the mutant subun...
	Figure 1-9 The KCNH2-encoded Kv11.1 protein with the KCNE2-encoded MiRP1
	P-loop mutations are also associated with an increased risk of cardiac events compared with mutations in other locations, particularly in patients with a longer QTc interval.116,117 Subsequent analysis has found that this only applies to males, with a...
	Electrocardiographic screening for LQTS
	Although prevention of sudden death in the young is recognised as an important goal in public health, ECG screening for LQTS and other causes of SCD in the young is controversial and has not been widely adopted.
	Several ECG screening programs have now been reported on, the largest being in Italy where 17 infants were diagnosed with LQTS from a screened population of 44,596.44 In Japan, 4,285 infants were screened at one-month check-ups, with five from this gr...
	The cost-effectiveness and practicalities of such programs have been questioned, with the outcome of cost benefit-analyses on ECG screening for LQTS and other diseases such as HCM differing widely.120,121
	Treatment and management of LQTS
	Management of patients with LQTS is increasingly being guided by genotype, if a mutation has been identified. Lifestyle modification, avoidance of QT-prolonging drugs, administration of beta-blockers, left sympathetic denervation and insertion of impl...
	Beta-blockers are the established front line therapy for LQTS, and in adults are most effective in those with a QTc ≥500ms, with LQT1 or LQT2 (compared with LQT3), and in patients with syncope or cardiac arrest during childhood and adolescence.104 In ...
	Patients who are on beta-blocker therapy and still experience syncope or cardiac arrest are at a high risk of fatal events and should be considered for ICD implantation.122 The use of ICDs for primary prevention of SCD in high risk patients with LQTS ...
	Left cardiac sympathetic denervation involves removing the lower half of the left stellate ganglion, together with thoracic ganglia T2 to T4, resulting in reduced release of norepinephrine at the ventricle.124 The largest study of this intervention in...
	Recommendations have varied for people with LQTS with regard to sport and competition. In the United States, recommendations for participation in competitive sports for patients are based on the 36th Bethesda Conference guidelines.126 Patients with pr...

	1.4.2 Brugada syndrome
	The Brugada syndrome is a distinct cause of polymorphic VT and VF, and is characterised by ST segment elevation in the right precordial leads (V1-V3) of the 12-lead ECG, right bundle branch block, and a high risk of SCD in patients with structurally n...
	Estimating the prevalence is difficult because the ECG pattern can be sporadic or concealed. Some estimates suggest five cases per 10,000 people (0.05%), though one recent study of 1,348 ECGs at a hospital in Southern California found a prevalence of ...
	There are three recognised Brugada-type repolarisation patterns in leads V1-V3, and type 1 has coved ST-segment elevation ≥0.2mV followed by a negative T wave (Figure 1-7). Brugada syndrome is diagnosed when this is seen in two or more right precordia...
	Brugada syndrome has been linked to 16 different genes and is usually inherited as an autosomal dominant trait with incomplete penetrance (Table 1-3).139 Around 20% probands undergoing genetic screening have mutations identified in the SCN5A gene,140 ...
	Disease-modifying SNPs have been identified in Brugada syndrome patients. One particular SNP in SCN5A, H558R (rs1805124), has undergone much evaluation and has been shown to improve sodium channel activity in mutated channels and modify disease severi...
	A recent GWAS of 312 patients with Brugada syndrome identified and validated signals at the SCN10A, SCN5A, and HEY2 genes, showing a cumulative effect on disease risk.154 This was the first identification of HEY2 as a locus involved in cardiac electro...
	Intervention with an ICD is the currently the only therapy with proven benefit for Brugada syndrome patients, and is recommended in survivors of cardiac arrest and in patients with a type 1 Brugada ECG who are displaying symptoms such as syncope or se...
	In a large European registry of 1,029 patients with Brugada syndrome, the event rate was low amongst asymptomatic patients (0.5% per year), and the only independent predictors of cardiac events were the presence of symptoms and a spontaneous type 1 EC...

	1.4.3 Catecholaminergic polymorphic ventricular tachycardia
	Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a malignant cardiac channelopathy where affected patients have a structurally normal heart and usually present in childhood with syncope following exercise or strong emotion.165 Patients ...
	Untreated patients with CPVT have a high risk of syncope, cardiac arrest and SCD. Over eight years of follow-up a group of untreated patients had a rate of 58% for these events, with increased risk for those diagnosed at a young age and those with a h...
	Two genes have been linked to CPVT, the cardiac ryanodine receptor isoform 2 RyR2 (autosomal dominant inheritance, found in around 60% of tested patients) and cardiac calsequestrin isoform 2 CASQ2 (autosomal recessive inheritance, found in 1-2% of tes...
	RYR2 is a very large gene, with 105 translated exons, potentially creating difficulties in diagnostic genetic screening. Comprehensive mutation analysis in a large cohort of patients with CPVT found mutations in 45 of the 105 exons with 65% of the mut...
	Beta-blockers are considered first-line therapy and can significantly reduce the rate of fatal and non-fatal cardiac events, though they are not completely effective.166 Implantable cardioverter defibrillator intervention is recommended for survivors ...

	1.4.4 Short QT syndrome
	Short QT syndrome is characterised by an abnormally short QTc interval and an increased risk of SCD. A QTc interval of <390ms is considered abnormal,176 though as with LQTS there are overlapping QTc intervals in those with and without the inherited co...
	A definite clinical diagnosis of short QT syndrome requires repeat ECGs at varying heart rates to study QT duration and T wave morphology. Most symptomatic short QT syndrome patients have high amplitude T waves and a short J-point to peak T wave inter...
	Mutations causing short QT syndrome have been found in six genes so far: KCNH2181, KCNQ1182, KCNJ2183 (types 1-3) , CACNA1C144, CACNB2b144, and CACNA2D1184 (types 4-6). Types 1-3 are caused by gain-of-function mutations in cardiac potassium channels, ...

	1.4.5 Early repolarisation syndrome
	Early repolarisation, seen as slurring or notching at the end of the QRS (“J waves” or “J point elevation”), was initially thought to be harmless but has since been linked to idiopathic VF and to SCD in population-based studies.185-187 Early repolaris...
	There is evidence for heritability of the early repolarisation pattern, with a 2.5-fold increased risk of this pattern on the ECGs of offspring of affected parents in a large family-based cohort.189 A recent meta-analysis of GWAS looking at the early ...
	The first mutation linked to this syndrome, in the potassium channel gene KCNJ8, was identified following genetic screening of a patient with early repolarisation and idiopathic VF.190 Mutations in the L-type calcium channel genes CACNA1C, CACNB2B, an...

	1.4.6 Hypertrophic cardiomyopathy
	Hypertrophic cardiomyopathy is characterised by myocardial hypertrophy, myocyte disarray and fibrosis. Diagnosis relies on two-dimensional echocardiography or cardiac magnetic resonance imaging (MRI) and the disease is defined by an increase in left v...
	The prevalence of HCM is estimated to be 1 in 500 people,193 and it is the most common cause of SCD among young people in the USA (including in competitive athletes). However, the absolute risk of SCD is low, with an annual incidence of all cardiovasc...
	Thickening of the LV wall causes an increase in cardiac mass, and myocytes in the ventricular septum and LV free wall are hypertrophied, bizarrely shaped, and arranged chaotically with interstitial fibrosis. This histopathology can cause abnormal intr...
	Intense athletic training can produce an increase in LV wall thickness and mass that exceeds upper normal limits: the so-called “athletic heart”.201 Distinguishing between this hypertrophy and conditions such as HCM relies on careful clinical assessme...
	Hypertrophic cardiomyopathy is inherited as an autosomal dominant trait and a mutation is identified in around 60% of tested cases200; molecular studies have identified over 900 mutations in 23 genes encoding sarcomeric proteins, though only 11 of the...
	Treatment to prevent SCD due to HCM relies mostly on ICDs, though there are no randomised controlled trials proving a survival benefit for these patients.208,209 In one multi-centre study, 25% of patients with HCM who received an ICD for either primar...
	Risk stratification
	Risk stratification for primary prevention of SCD in patients with HCM has traditionally relied on five criteria: a recent history of unexplained syncope, LV wall thickness ≥30mm, documented non-sustained VT, a family history of SCD due to HCM, and bl...
	Several studies have attempted to identify additional markers to improve risk prediction.208 Recently, Gray et al. assessed whether QTc prolongation was associated with appropriate ICD discharge in patients with HCM and with ICDs inserted, by definiti...
	Associations between QTc length and the degree of hypertrophy have also been observed, although not consistently, perhaps due to different underlying causes of QTc prolongation between groups.218 Possible mechanisms for QTc prolongation other than hyp...
	Some disease-modifying SNPs have been investigated; to date this includes those causing variability in the level of ventricular hypertrophy. In particular, several studies have genotyped HCM cohorts for polymorphisms in the renin-angiotensin-aldostero...
	Other putative modifiers include a C-insertion in the 5’UTR of the MEF2C gene (myocyte enhancer factor 2C) associated with greater left ventricular outflow tract obstruction,224 a SNP in the promoter region of CALM3 (calmodulin 3) found more commonly ...
	The role of SNPs in arrhythmia genes on the risk of cardiac arrest or SCD in patients with HCM has not yet been explored.

	1.4.7 Arrhythmogenic right ventricular cardiomyopathy
	Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterised by fibrous and fatty infiltration of the right ventricle and ventricular arrhythmias.  The fibro-fatty tissue progressively replaces healthy tissue, beginning in the epicardium or...
	Arrhythmogenic right ventricular cardiomyopathy is mostly a disease of the junctions between cardiomyocytes formed by desmosomes, and is usually transmitted as an autosomal dominant trait with variable penetrance.233 Seven genes have been linked to AR...
	Wide variation seen in patient registries has made attempts at risk stratification for ARVC difficult. A history of syncope appears to consistently predict the risk of further events, and recently high-density electroanatomic mapping of ARVC patients ...
	Treatment includes anti-arrhythmic drug therapy including beta-blockers and amiodarone, catheter-based ablation, and ICD implantation.248,249

	1.4.8 Dilated cardiomyopathy
	The most common cardiomyopathy worldwide is dilated cardiomyopathy. It has multiple causes, and can be either acquired (most commonly due to coronary artery disease) or inherited.250 The main features of dilated cardiomyopathy include dilation of the ...
	The inherited form where two or more closely related family members are affected is referred to as familial dilated cardiomyopathy, which currently accounts for 20-35% of cases.252-254 Inheritance is mainly autosomal dominant (approximately 90%), but ...
	A mutation is identified in up to 30% of patients undergoing genetic testing for dilated cardiomyopathy.255,256 Because of this low yield, genotyping of these patients is not currently routine clinical practice and an ECG and echocardiogram is recomme...
	Treatment mainly focuses on preventing disease progression and managing heart failure symptoms, including with neurohormonal antagonists (ACE inhibitors, beta-blockers, and spironolactone) and with device-based therapies.251 Cardiac resynchronisation ...

	1.4.9 Wolff-Parkinson-White syndrome
	Wolff-Parkinson-White syndrome occurs when there is an accessory electrical pathway between the atria and the ventricles, allowing the cardiac impulse to bypass normal conduction through the atrioventricular node. The impulse can also move from the ve...
	A small percentage of cases are caused by mutations in the gene PRKAG2, inherited as an autosomal dominant trait with high penetrance and variable expression.262 Patients with these mutations may also develop cardiac hypertrophy. The protein product o...


	1.5 Acquired causes of sudden cardiac death
	Around 80% of all SCD is a consequence of acquired cardiovascular disease, usually due to atherosclerosis.20 Varied pathophysiological processes contribute to acquired cardiovascular disease, thus predicting the risk of SCD is difficult. Issues includ...
	1.5.1 Coronary artery disease and acute coronary syndromes
	Cardiovascular disease encompasses heart disease, vascular disease and stroke. One component is coronary artery disease, due to atherosclerosis in the coronary arteries that supply blood to the heart muscle. The manifestations of coronary artery disea...
	Around 50% of all deaths from coronary artery disease are sudden.264 Pre-existing coronary artery disease increases the risk of SCD (there was 2.8- to 5.3-fold increase of short term risk in the Framingham Study265), and a prior history of non-fatal M...
	Estimating the exact incidence of SCD due to coronary artery disease is difficult, for similar reasons as when estimating the total incidence of SCD (reliance on retrospective death certificate analysis, differing definitions, and a lack of prospectiv...
	Cardiac arrest leading to SCD as a result of coronary artery disease can result from four patterns: transient ischaemia, acute MI, scar formation post MI, or an ischaemic cardiomyopathy due to a large MI or post-MI remodelling and heart failure (Table...
	Lethal ventricular arrhythmias following acute MI are most likely in the first few hours, then the first 12 months after which the risk declines.269 The Valsartan in Acute Myocardial Infarction Trial (VALIANT) was the largest study to assess the time-...
	SCD = sudden cardiac death; MI = myocardial infarction; LV = left ventricular
	Risk stratification for sudden cardiac death in patients with coronary artery disease
	Risk profiling for coronary artery disease and resulting SCD can be at a population level, such as the Framingham risk factors,274 or at an individual level where markers of existing or underlying disease are useful. Risk markers can be clinical, elec...
	Several markers based on ECG data have been evaluated, including QRS duration, QT interval length, and T wave alternans. A prolonged QRS duration was associated with increased total and arrhythmic mortality in the Multicenter Unsustained Tachycardia T...
	The QT interval lengthens to varying degrees post-MI, with the maximal QT interval likely occurring between 2-11 days later and usually returning to near baseline levels.276 Several studies have shown the QT interval to be predictive of SCD or further...
	Programmed ventricular stimulation is a catheter-based procedure where the ventricle is electrically stimulated prematurely, usually at the apex and the outflow tract of the right ventricle. The assumption is that if a ventricular arrhythmia can be in...
	Risk stratification for ICD intervention for primary prevention of SCD post-MI is based mainly on the measurement of LV ejection fraction. Implantation is recommended for patients at least 40 days post-MI with an ejection fraction of ≤35% and New York...
	Investigations into the genetic component of risk of SCD for patients with coronary artery disease began after initial analyses showed that a family history of sudden arrhythmic death was an independent risk factor for cardiac arrest or SCD following ...
	The patient cohorts for these association studies have varied widely. Arrhythmic or SCD events may have had to occur in a period of acute ischemia, in patients with stable documented coronary artery disease, or for one study, coronary artery disease w...
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	Table 1-5 continued
	GWAS = genome-wide association study; CAD = coronary artery disease; MI = myocardial infarction; SCD = sudden cardiac death; STEMI = ST elevation myocardial infarction

	1.5.1 Heart failure secondary to coronary artery disease
	Sudden cardiac death is common in patients with heart failure, in whom the heart can longer pump effectively to fulfil the body’s needs. Left ventricle dilatation and a reduced LV ejection fraction can lead to ventricular arrhythmias, though ischaemic...
	Identifying the predictors and mechanisms of SCD in patients with heart failure is difficult as the population is comprised of multiple aetiologies and the remodelling process in the failing heart is a dynamic process. The main measure used currently ...
	Therapies such as beta-blockers and aldosterone antagonists that reduce the progression of heart failure also lower the risk of SCD. At later stages of disease, proven therapies include cardiac resynchronisation therapy and ICD intervention.305,306  C...

	1.5.2 Valvular heart disease
	Valvular heart disease, particularly aortic stenosis (the narrowing of the aortic valve), can result in SCD though this is a much less common occurrence now effective surgical valve replacement is commonplace. Aortic stenosis has three main causes: rh...

	1.5.3 Inflammatory and infiltrative diseases
	Myocarditis, inflammation of the myocardium, most commonly results from viruses, parasites, or autoimmune disorders.307 The traditional definition requires the presence of inflammatory cells and myocyte necrosis in a microscopic section of heart tissu...
	Sarcoidosis is an inflammatory disease where granulomas form in body tissues, including the heart. Granulomas infiltrate the myocardium causing fibrotic scars and subsequent conduction system disease, arrhythmias, heart failure and SCD.  Conduction pr...
	Cardiac amyloidosis is another infiltrative cardiomyopathy that can also cause SCD involving the deposition of amyloid protein fibrils in the cardiac tissue, including the conduction system.311 These fibrils consist of misfolded proteins resulting fro...

	1.5.4 Acquired conduction disorders
	Acquired conduction disorders include diseases of the sinus or atrioventricular node and His-Purkinje system, accessory conduction pathways, and the acquired form of LQTS.
	Acquired LQTS consists of a long QT interval and potentially torsades de pointes in response to the environment, usually with a return to baseline upon removal of the stressor. Causes include electrolyte abnormalities, hypothermia, certain toxins, cen...
	A range of drugs have been implicated in acquired LQTS, including anti-arrhythmics, antihistamines, antifungals, and antipsychotics. A number of drugs have had to be withdrawn from the market after their QT-prolonging side effects were identified,314 ...
	The concept of “repolarisation reserve” describes the ability of the myocardium to repolarise through several inward and outward currents, meaning that a single defect or risk factor is unlikely to cause an arrhythmia and several sub-clinical “hits” a...

	1.5.5 Commotio cordis
	Commotio cordis is a cardiac arrest resulting from a non-penetrating blunt blow to the chest, causing either myocardial trauma or mechanoelectrical triggering of a ventricular arrhythmia. This can occur particularly if the blow takes place in a narrow...

	1.5.6 Stress cardiomyopathy (Takotsubo cardiomyopathy)
	Stress cardiomyopathy (also known as Takotsubo cardiomyopathy or transient left ventricular apical ballooning syndrome) mimics ST-segment elevation acute MI and is characterised by transient “ballooning” at the apex of the LV. First described in Japan...
	This syndrome is most commonly found in postmenopausal women following acute emotional or physiological stress, and the pathophysiology is still largely unknown.323 Outcomes are generally favourable with a recurrence rate of 11% over four years;325  h...


	1.6 Heritability of traits related to sudden cardiac death
	Studies showing that a family history of SCD has led to an increased risk of SCD for an individual provide strong evidence for a genetic contribution. In the Paris Prospective Study which included 7,746 asymptomatic middle-aged males followed for 23 y...
	1.6.1 Heritability of ECG traits and association with sudden cardiac death
	One approach for understanding the genetic basis for arrhythmias is to break the complex phenotype of arrhythmia or SCD down to the relevant biological processes or “intermediate phenotypes”, such as heart rate and other ECG parameters. There should b...
	QRS duration is a predictor of SCD in the general population,335 as is a prolonged QTc interval336,337 and a high resting heart rate.338-340  A case control analysis of nearly 700 people in the Oregon Sudden Unexpected Death Study showed those with an...

	1.6.2 Genome-wide association studies
	Genome-wide association studies involve the genotyping of a large number of SNPs across the genome to look for associations with disease and biological traits. This is in contrast to candidate gene studies with pre-specified genes of interest. These s...
	A variant identified in a GWAS may not be the causal variant and instead indicates a locus of interest requiring further investigation.346  If the objective of a study is to identify markers of disease for risk prediction then the exact location of th...
	Several GWAS have investigated the risk of cardiac arrest or SCD in the general population and identified loci of interest; some of these were not significant upon replication. The number of loci identified is much smaller than other complex diseases ...

	1.6.1 Genome-wide association studies and ECG traits
	The genetic basis of several ECG parameters has been investigated using GWAS. The detected variants may have a very modest effect on ECG parameters individually, so even with large sample sizes further associations with SCD might not be detectable. On...
	Genome-wide association studies for the QT interval
	The original GWAS searching for associations with QT interval duration identified the gene NOS1AP,360 and subsequent GWAS have confirmed this association with multiple independent signals.361-364 Several other loci have been associated with QT interva...
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	Table 1-7 continued
	NOS1AP encodes the nitric oxide synthetase 1 adaptor protein (or CAPON), a neuronal regulator of the nitric acid synthase pathway. The associations between SNPs in the NOS1AP gene and both the QT interval and SCD have been widely replicated across sev...
	Gene expression analyses performed on ventricular tissue samples obtained from extracted pacemaker and ICD leads showed that two NOS1AP SNPs were associated with decreased levels of NOS1AP RNA and shorter repolarisation times.367 This is consistent wi...
	Recent analyses have identified a non-coding SNP, rs7539120, as a cardiac enhancer element which is the likely functional variant for the QT interval in the NOS1AP gene.368 These analyses also localised the NOS1AP protein to intercalated discs in card...
	Genome-wide association studies for the PR interval
	The PR interval reflects conduction in the atria, atrioventricular node and the His-Purkinje system. Two GWAS of the PR interval have been carried out in people with European ancestry,334,369 one in African Americans,370 and one in a founder populatio...
	Genome-wide association studies for QRS duration
	The QRS duration reflects the time taken for ventricular depolarisation, and its length depends on the ventricular conduction system. The largest meta-analysis of GWAS on QRS duration found 22 loci at genome-wide significance, and collectively these S...
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	Table 1-9 continued
	Genome-wide association studies for heart rate
	Eleven loci have been identified that have associations with heart rate in populations of European ancestry, and two of these were also identified in East Asian populations (Table1-10).334,374,375 One of the identified loci (GJA1) is a component of ca...


	1.7 Clinical genetic testing for sudden cardiac death risk prediction
	Genetic testing for Mendelian-inherited diseases such as LQTS is becoming increasingly common. Long QT syndrome was the first arrhythmogenic disorder with commercial testing available, and along with HCM is a major focus of this thesis; therefore much...
	A major challenge for the interpretation of clinical genetic tests is distinguishing pathogenic mutations from benign variants, and the advent of high through-put sequencing technologies (such as whole-exome and whole-genome sequencing) will complicat...
	1.7.1 Clinical genetic testing for long QT syndrome
	An LQTS-causing mutation will be found in approximately 75% of patients with clinically certain LQTS undergoing genetic testing, with 13 culprit genes identified thus far (Table 1-1).70 Potential reasons for the negative result in the remaining 25% ca...
	Traditional sequencing approaches also do not identify gene rearrangements. The first duplication in an LQTS-definite but sequencing-negative patient was found in KCNH2 in 2006 and the first deletions in KCNQ1 and KCNH2 in 2008 in New Zealand.382 Dele...
	Potassium and sodium channel variants causing a change in the protein sequence have been found in healthy individuals as well as in patients with LQTS, with a mutation detection rate in normal subjects of approximately 5%.158,385 The majority of these...
	In vitro testing using cell expression systems to measure voltage across cell membranes is one way of determining the pathogenicity of mutations, though is time consuming so <20% of published LQTS-causing mutations have been characterised in this way....

	1.7.2 Clinical genetic testing for hypertrophic cardiomyopathy
	To date, 23 genes have been linked to HCM (though only 11 confirmed with linkage analysis), and clinical genetic testing is increasingly common for patients with this condition. This enables family genetic screening and potentially genotype-guided ris...
	In the largest cohort of patients with HCM tested thus far, of 1,053 unrelated patients, 34% of the patients had a pathogenic mutation present in one of the nine tested genes.387 MYBPC3 was the gene most likely to contain a mutation (51% of those who ...
	Similar issues arise during the evaluation of newly-detected variants for pathogenicity in patients with HCM as for LQTS-associated variants.

	1.7.3 Molecular autopsy for sudden unexpected death
	Genetic testing is playing an increasing role in determining the causes of autopsy-negative sudden death, sometimes described as molecular autopsy. These cases are sometimes referred to as sudden arrhythmic death syndrome or sudden unexplained death i...
	Sudden infant death syndrome describes sudden unexpected death affecting those less than one year of age where there is no identifiable cause of death. The mechanisms for this are still poorly understood, with risk factors including infection, sleepin...
	An autopsy-review based examination of the causes of sudden unexplained death in the young (in those ≤35 years of age) in Australia over a nine year period found that cause of death was unascertained in 31% cases of SCD; primary arrhythmic disorders w...
	The implications from a positive genetic result following sudden death include providing some closure for families, as well as providing a tool for the screening and treatment of other at risk family members. The need for careful management of these p...
	Similar investigations must be undertaken in survivors of cardiac arrest, for both patients and at-risk family members. The key difference with living patients is the ability to perform cardiac tests and pharmacological challenges on the affected indi...

	1.7.4 The Cardiac Inherited Disease Group
	The Cardiac Inherited Disease Group (CIDG), established in 2003, is a New Zealand wide multidisciplinary group whose main aim is to prevent SCD due to inherited heart conditions in the young. The group consists of cardiologists and electrophysiologist...
	The Cardiac Inherited Disease Group runs a national cardiac inherited disease registry seeking to facilitate clinical and genetic screening of families with inherited heart disease or a history of sudden unexplained death in the young. The registry ha...
	This group was the first to perform genetic testing for LQTS in Australasia, at the University of Auckland in 2001, moving to a diagnostic clinical service at LabPLUS at Auckland City Hospital in 2005, and has pioneered research and clinical implement...


	1.8 Conclusions
	Sudden cardiac death continues to be a major public health challenge in the context of both inherited and acquired cardiovascular disease. Understanding of the role of genetics in the risk of SCD has increased with mutations identified in many genes t...
	Current clinical applications of genetic data in cardiovascular medicine include risk stratification, understanding disease causation and progression, and as new gene functions and regulatory regions are uncovered, identifying new disease pathways and...
	Many published associations between SNPs and arrhythmia risk or ECG parameters have not been validated or tested in cohorts with diseases already conferring a predisposition to SCD. The effects of these SNPs in cohorts comprised of patients with diffe...


	Chapter 2. METHODOLOGY
	2.1 Introduction
	Each of the following chapters contains a detailed methods section describing the specific aims, methods, and statistical analysis for each study. This chapter provides an overview of the study populations and methods for broader context, and specific...

	2.2 Patient cohorts and clinical data
	Recruitment and selection of the patient cohorts, clinical data, and methods of data collection for the studies included in this thesis are described below.
	2.2.1 New Zealand Cardiac Inherited Diseases Registry
	The study cohorts in Chapters 3-5 contain patients from the New Zealand Cardiac Inherited Diseases Registry (introduced in section 1.7.4); Chapters 3 and 4 include patients with LQTS and Chapter 5 patients with HCM.
	Living patients with suspected or confirmed inherited heart disease are referred to the CIDG by their clinician and invited to give consent to enter the registry. The registry includes patients referred from throughout New Zealand, and part-time coord...
	Clinical data collected through the registry is stored on a secure online database. This includes demographics, family trees, ECGs and other diagnostic tests (including genetic test results), clinical events, and if a patient has died, pathology repor...
	The study in Chapter 3 examined the detected prevalence of LQTS in the northern region of New Zealand. Identified patients were defined as “definitely” or “probably” affected with LQTS; the specific definitions are based on QTc length, symptoms and ge...
	For the study in Chapter 4 investigating the role of SNPs as disease modifiers in patients with LQTS, only patients with mutations in the genes KCNQ1, KCNH2, or SCN5A were included (LQT1, LQT2, and LQT3 respectively). Clinical events were defined as S...
	Complete clinical data for most patients included in the three studies reported here were not available on the database at the start of this candidature, so much of the required clinical data were sourced from paper patient files. However, these were ...
	The Cardiac Inherited Diseases Registry has an ethics approval from the New Zealand Northern A Regional Ethics Committee (approval number AKX/02/00/107) and the Multi-region Ethics Committee (approval number AKL/2001/121). Appendix A contains the most...

	2.2.2 Hypertrophic cardiomyopathy cohort
	The patients included in the study presented in Chapter 5 were those with clinically diagnosed HCM from the New Zealand Cardiac Inherited Diseases Registry and patients involved in research at the
	Centenary Institute, Sydney, Australia.
	The diagnosis of HCM for all patients was based on the presence of a non-dilated and hypertrophied left ventricle (maximum LV wall thickness ≥15 mm), in the absence of other loading conditions such as hypertension or aortic stenosis.209 All patients w...
	The clinical data and ECGs for the patients from Australia were provided by the Centenary Institute, though all QT interval measurements were performed by Associate Professor Skinner to ensure consistency with the ECGs from New Zealand patients. Ethic...

	2.2.3 The Coronary Disease Cohort Study
	The study in Chapter 6 includes patients from the Coronary Disease Cohort Study (CDCS). This is a prospective study aiming to define the relationships of circulating biomarkers, cardiac imaging and genotype to long term clinical outcomes in patients f...
	Comprehensive clinical, echocardiographic and neurohormonal data were collected in the CDCS; the relevant data used in this thesis is described below. From the index admission, up to three ECGs were available for each patient (first, worst, and last),...
	The SNPs of interest were tested for association with two outcomes: prolonged repolarisation, and SCD/cardiac arrest; these are defined below. Phillips Hewlett Packard Pagewriter 100 machines were used to record all ECGs, then data were classified acc...
	At the conclusion of the study, hospital admission data were extracted from the Ministry of Health New Zealand Health Information Service, which holds records for all hospital admissions in New Zealand (classified based on International Classification...
	Additionally, as many deaths occurred outside of hospital, every death in this study was adjudicated by a cardiologist to be either cardiac-sudden, cardiac-non-sudden, cardiac-unknown, or non-cardiac, using the standard definition of SCD described in ...


	2.3 Single nucleotide polymorphism selection
	For each study, a panel of SNPs was selected for genotyping based on a literature review relevant to each cohort.  Broadly this included variants with previously reported associations with QT interval length or other ECG parameters such as the QRS dur...
	The Sequenom MassArray genotyping used for the analyses in this thesis allows pooled assays of up to 36 SNPs in multiplex (in a single well). Due to resource constraints one multiplex well per patient sample was the maximum used, meaning up to 36 SNPs...
	When multiple SNPs were selected from one gene (for the studies in Chapter 5 and 6), Haploview 4.2 software was used to check the linkage disequilibrium (the non-random association of two alleles) between the SNPs to ensure they were in different link...
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	Table 2-2 continued
	SCD = sudden cardiac death; MI = myocardial infraction; CAD = coronary artery disease; LQTS = long QT syndrome; HF = heart failure

	2.4 Sample preparation
	The blood collection and DNA extraction occurred at several sites for the studies contained in the following chapters. The process for each cohort is described below.
	2.4.1 Long QT syndrome patient cohort
	Patient samples used for the study were originally collected for clinical genetic screening. Genomic DNA was extracted from whole blood samples by laboratory staff at LabPLUS (Auckland City Hospital, Auckland, New Zealand) using the Gentra Puregene DN...
	Aliquots from these stocks were subsequently taken by the candidate and prepared for SNP genotyping by diluting to a concentration of 10ng/µL in purified water.

	2.4.2 Hypertrophic cardiomyopathy patient cohort
	For patients from New Zealand, blood samples were originally collected for clinical genetic screening and processed through LabPLUS as per the LQTS samples above, with DNA stocks subsequently obtained and diluted by the candidate to a concentration of...
	For patients from Australia, blood was collected for research purposes and DNA was extracted using the Qiagen QIAamp DNA Mini Kit by laboratory staff at the Molecular Cardiology laboratory at the Centenary Institute, Sydney. Samples were diluted to a ...

	2.4.3 The Coronary Disease Cohort Study
	Genomic DNA was extracted from whole blood samples by staff at the Molecular Endocrinology Laboratory, Christchurch Heart Institute, Department of Medicine, University of Otago, Christchurch, New Zealand. Extraction was by the method of Ciulla et al (...
	For the second method (rapid alkaline lysis), 480µL of fresh or thawed whole blood was added to 900µL of 0.17M NH4Cl, mixed on a rotary mixer for 25 minutes, and spun for 30 seconds at 13,000rpm in a microfuge to sediment the white blood cells. The wh...
	Aliquots of these stocks were subsequently collected from Christchurch by the candidate and prepared for SNP genotyping by measurement of the DNA concentration with a NanoDrop spectrophotometer, then diluted to a concentration of 10ng/µL in purified w...


	2.5 Sequenom genotyping
	Genotyping for all studies in this thesis was carried out by staff at the Liggins Institute (University of Auckland, New Zealand) in multiplex using Sequenom MassARRAY iPLEX assays (Sequenom Inc, San Diego, USA), which uses mass spectrometry to resolv...
	Briefly, a locus-specific PCR reaction is followed by a locus-specific primer-extension reaction (the iPLEX assay). During the iPLEX assay, an oligonucleotide primer anneals upstream of the possible SNP site, along with mass-modified dideoxynucleotide...

	2.6 Primer sequences
	Primers for all SNP analyses were designed using the online mySequenom assay designer suite software (https://www.mysequenom.com). This software acts as an interface with online databases of genetic information, and for primer design requires the inpu...
	Some SNPs selected for genotyping in the included studies could not be incorporated into the assay designs. This design failure can occur at the primer design stage if primers are likely to anneal to each other or themselves rather than the target seq...
	Primers were designed by staff from the Liggins Institute with assistance from the candidate, and the primer sequences are available in Appendix B.

	2.7 Statistical analysis
	The majority of the statistical analyses contained in this thesis were carried out using the R program.434 The candidate undertook training in using the R program under the mentorship of Dr Katrina Poppe (Senior Research Fellow (Medicine and Statistic...
	The statistical analysis for Chapter 4 was carried out by Dr Dug-Yeo Han (Statistician, Department of Nutrition, University of Auckland) with assistance from the candidate and Dr Anna Pilbrow (Senior Research Fellow, Christchurch Heart Institute, Univ...
	The specific statistical analysis for each chapter of this thesis is described within the methods section of the chapter. However, some broad principles related to the data used in these analyses are discussed below.
	2.7.1 Correction for multiple comparisons
	When multiple statistical tests are undertaken there is a risk of inflating the type 1 error, which is a false positive result where the null hypothesis of no association is incorrectly rejected. In early genetic association studies, the lack of repli...
	The probability of having a false positive result when performing multiple tests is known as the familywise error rate (FWER). Traditional methods to account for multiple testing attempted to control for the FWER, with the most commonly used method fo...
	More recently, other less conservative methods have been developed. The false discovery rate (FDR) is now a commonly used approach for correcting for multiple testing in genetic association studies. In contrast to the Bonferroni correction, which cont...
	In a SNP association study, a FDR significance threshold of 10% (or a q value threshold of 0.10) means that for all SNPs called as significant, 10% of these may be truly null, or “false leads”. Features with significant q values can be identified as b...

	2.7.2 The Hardy-Weinberg equilibrium
	The Hardy-Weinberg principle describes the relationship between the allele frequency and the genotype distribution, and states that allele and genotype frequencies will remain constant in an idealised population over several generations.436 This princ...
	When a population meets the above conditions, it is said to be in Hardy-Weinberg equilibrium (HWE). Deviation from this can occur because of selective pressure, population admixture, inbreeding, genotyping errors, and/or the presence of related indivi...
	Testing for HWE is often used as a quality control measure in genetic association studies, as selective drop-out of a particular allele during genotyping can cause deviation from HWE.

	2.7.3 Models of inheritance in genetic association studies
	2.7.4 Population stratification
	Population stratification occurs when allele frequencies differ between sub-populations due to ancestry (for example different ethnicities).440 This can lead to false associations (or the obscuring of true associations) in genetic studies when alleles...
	There are methods to reduce this potential confounding that rely on genotyping neutral SNP markers across the genome to indicate the diversity of the population being studied, including genomic control, principal components analysis, and variance comp...

	2.7.5 Data considerations
	The New Zealand Cardiac Inherited Diseases Registry
	Patient registries are an important source of clinical data, particularly for rare diseases and inherited conditions. Registry-based data, by providing data on aspects of clinical care, can provide an opportunity for quality improvement as well as for...
	In this thesis, the first use of registry data involves estimation of the detected prevalence of LQTS. The selection bias could lead to underestimation of the prevalence, as probands with subclinical disease are less likely to be identified. However, ...
	The other major use of the CIDG registry data in this thesis involves testing for associations between a range of SNPs and different outcomes. The selection bias towards patients with more severe disease could cause the associations between SNPs and o...



	Chapter 3. COMMUNITY DETECTION OF LONG QT SYNDROME WITH A CLINICAL REGISTRY: AN ALTERNATIVE TO ECG SCREENING PROGRAMS
	3.1 Preface
	The best method for early detection of inherited cardiac diseases to prevent SCD is the subject of much debate. Much of the discussion concerns cost-effectiveness, accuracy, and the clinical and psychological impacts of a false-positive diagnosis, and...
	The aims of the research presented in this chapter were:
	 To describe the purpose and operations of the New Zealand Cardiac Inherited Diseases Registry.
	 To determine the prevalence of LQTS detected by this registry so we could assess whether such registries represent viable alternatives to ECG screening programs.
	 To characterise the LQTS patient cohort in the northern region of New Zealand (the five northernmost district health board areas).
	 To describe the challenges for the CIDG registry (and registry-based disease detection in general), and suggest areas for improvement.
	The following manuscript was published in 2013 in the journal Heart Rhythm, Volume 10 (2), Pages 233-238.445 Heart Rhythm is the official journal of the Heart Rhythm Society and the Cardiac Electrophysiology Society and has an impact factor of 5.0 (20...
	Contribution of candidate
	Nikki Earle was involved in the data collection (searching of medical records databases, ECG analysis and data entry) and in the data extraction process from the CIDG web database. She carried out the cleaning of the dataset, the statistical analyses,...
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	3.2 Abstract
	Background:  Long QT syndrome (LQTS) prevalence is estimated at 4/10,000 based on community ECG screening, about which there is disagreement regarding efficacy, accuracy, cost-effectiveness and practicality. Family studies of autosomal dominant condit...
	Objective: To evaluate a cardiac/genetic registry and family screening program as a tool to identify LQTS in the community.
	Methods: Possible LQTS probands were referred to the New Zealand Cardiac Inherited Disease service. The registry was first established in the northern region (population 2.03 million), including central Auckland (population 0.46 million). After clinic...
	Results: One hundred and twelve probands were identified (presentation: sudden death = 7, cardiac event = 82, ECG abnormality = 16, sudden death of a family member = 7).  Following cascade screening, 309 patients with LQTS were identified (248 definit...
	Conclusions: A high level of community detection of LQTS is possible using a clinical registry. With adequate resourcing, this has the potential to be an effective alternative to community ECG screening.

	3.3 Introduction
	Sudden unexpected death has a devastating effect on families and communities, particularly when it occurs in the young. Yet if presymptomatic individuals with an inherited risk can be identified in the community, life-saving interventions can be provi...
	For LQTS and other causes of sudden cardiac death (SCD) in the young, much discussion surrounds the value of electrocardiogram (ECG) screening of the general pediatric population or specific populations considered to be at a higher risk.120,443,447-44...
	An alternative approach is to identify probands and then exhaustively screen family members. With an autosomal dominant disease such as LQTS, half the targeted population would be affected individuals so the over-diagnosis from poor test specificity i...
	A consent-based clinical registry for LQTS patients has been in operation in the northern region of New Zealand since 2003 (with ethics committee approval). Since the establishment of the registry, there have been efforts to raise awareness of LQTS am...

	3.4 Methods
	New Zealand has a population of 4.43 million and a relatively large geographical area with a density of 16 people per square kilometer.452 The northern region (defined in this report as the five northernmost district health board areas Northland, Auck...
	Since 2003, living probands suspected of having LQTS have been referred to CIDG by pediatric or cardiology services and victims of unexplained sudden death have been referred by pathologists or the coroner (following collection of a DNA sample at auto...
	Genetic screening for LQTS was initially part of a university-based research program, but was transferred to a diagnostic clinical service at Auckland City Hospital in 2005. Initially, patients were screened for point mutations in the coding regions o...
	The focus of mutation screening was largely sequence-based until 2007 when it was decided to screen for rarer deletion and duplication mutations using the technique termed multiplex ligation-dependent probe amplification. This approach has now been su...
	Mutations in the LQTS genes are assessed for pathogenicity using a multi-faceted approach involving evidence from the literature (and mutation databases), in silico analysis with predictive bioinformatic programmes, and in vitro analyses. Finally, fam...
	Upon enrolment in the registry, patients are given a classification of their clinical status based on their ECG, symptoms/events, and family history. Broadly, the classifications are: definitely affected (QTc >470ms for females and >460 for males with...
	The CIDG was initially established in the northern region, but cases of LQTS from throughout New Zealand were enrolled from 2009 onward. The location of the registry coordinator in Auckland and the differing lengths of registry operational times (nort...
	All patient information is entered into a secure Web-based database. The data that has been used in this report was extracted from the database on 1st June 2012.
	National population data were taken from the most recent Statistics New Zealand estimates (as on June 2012), and regional district health board-based population data were taken from June 2011 projections.452,455 Statistical analysis was performed usin...

	3.5 Results
	Eighty-five probands with definite LQTS and 27 probands with probable LQTS were enrolled in the registry (Figure 3-1). The reasons for referral were: 7 (6%) sudden unexplained deaths, 7 (6%) sudden unexplained deaths of family members, 82 (73%) cardia...
	Figure 3-1 Individuals with LQTS in the northern region of New Zealand: derivation of the study population
	The population of the northern region of New Zealand is 2.03 million; with 309 patients with LQTS identified, this equates to a prevalence of 1.5/10,000.  Within the northern region, the registry and tertiary arrhythmia and genetic services are based ...
	From the 112 probands identified in the northern region, 237 family members with LQTS (203 definite and 34 probable) were identified (186 within the northern region and 51 outside), giving an average of a further 2.1 affected family members identified...
	Two hundred and twenty patients were positive for 63 different LQTS-causing mutations (120 KCNQ1, 78 KCNH2, 19 SCN5A, 1 KCNE1, 2 KCNJ2) (Supplementary Table 3-3). Two patients carried two LQTS-causing mutations. Of the 29 patients with clinically defi...
	A higher proportion of probands with LQT type 3 (LQT3) presented with a cardiac arrest (sudden death or resuscitated sudden death) than those with LQT type 1 (LQT1) of LQT type 2 (LQT2): 6 of 7 (86%) LQT3, 9 of 39 (23%) LQT1, and 3 of 20 (15%) LQT2 (p...
	ECG = electrocardiogram; LQT1 = long QT syndrome type 1; LQT2 = long QT syndrome type 2; LQT3 = long QT syndrome type 3
	Some cases (13%) defined as probable LQTS had a recorded QTc in excess of 500ms (Table 3-1). These cases were not defined as definite as subsequent ECGs were less convincing, the heart rate was particularly fast or slow, and/or there were other factor...

	3.6 Discussion
	We have demonstrated that a clinical LQTS registry incorporating diagnostic genetic testing can facilitate identification of many patients with LQTS, including victims of sudden unexplained death and their families. Community-based ECG screening elsew...
	The data from the New Zealand registry suggest that LQTS in New Zealand has a similar clinical and genetic profile to that in other regions, so it seems likely that such an approach could be applicable in other countries. For example, LQT1 mutations a...
	The fact that we have already detected over half of the expected prevalence in central Auckland might lead to the erroneous conclusion that our family cascade screening has been particularly successful. In fact for each proband registered in the north...
	If barriers to identifying affected family members were removed (see Limitations) and we could identify eight family members for every genotype positive proband identified in central Auckland (n=30), then the expected LQTS prevalence would be approxim...
	The varying prevalence across the different ethnic groups residing in northern New Zealand is likely to be a result of barriers to registration rather than a true reflection of differences in prevalence, though some genetic variation may exist as seen...
	Effective screening programs must be able to reliably identify the condition with a safe and inexpensive test.459 The largest ECG screening program reported to date is that of over 44,000 Italian newborns screened between the ages of 15-25 days.44 Int...
	A community infant ECG screening program in New Zealand would raise significant resource issues, particularly given the limited number of experts in this area. An international survey of physicians found that fewer than 50% of cardiologists and 40% of...

	3.7 Limitations
	The main limitation of this study is that many factors will have led to underestimation of the true community prevalence of LQTS. Not every individual with LQTS in the specified area will be enrolled in the CIDG registry, and many families have, for m...
	Multiple reasons may underlie our lower frequency of detection. In approximately a quarter of families where LQTS was identified, there were significant social, logistic or genetic reasons why family members could not, or would not, undergo screening....
	The registry has very limited resources – a single part-time coordinator for the whole of New Zealand covers a range of cardiac inherited diseases and sudden death investigations. Subsequently, family members initially unwilling to engage and give con...

	3.8 Conclusion
	A high level of community detection of LQTS is possible using a clinical registry with an active program to detect probands and screen their families. In some areas this has detected more than half of the anticipated prevalence, despite the limited re...

	3.9 Supplementary material
	continued following page
	Table 3-3 continued
	SUDY = sudden unexplained death in the young; TdP = torsades de pointes; RSCD = resuscitated sudden cardiac death


	Chapter 4. SINGLE NUCLEOTIDE POLYMORPHISMS IN ARRHYTHMIA GENES MODIFY THE RISK OF CARDIAC EVENTS AND SUDDEN DEATH IN LONG QT SYNDROME
	4.1 Preface
	As discussed in the preceding literature review, there is mounting evidence that SNPs can modify disease severity in patients with LQTS and therefore have a potential role in risk stratification for SCD.87,90,91 Many previously published analyses in p...
	At the commencement of this thesis, the New Zealand Cardiac Inherited Diseases Registry LQTS cohort had not been systematically evaluated in terms of outcome, and no genetic investigations beyond those used for diagnostic purposes had been carried out...
	The aims of the research presented in this chapter were:
	 To describe the baseline characteristics and clinical predictors of SCD and resuscitated SCD (RSCD) in patients with LQTS from the Cardiac Inherited Diseases Registry.
	 To genotype a panel of potentially arrhythmogenic SNPs and test for assocations with QTc length and SCD/RSCD in the context of the clinical predictors of outcome.
	 To compare allele frequencies between patients of Caucasian and Maori/Pacific Islander ancestry.
	The following manuscript was published in 2014 in the journal Heart Rhythm, Volume 11 (1), Pages 76-82.466 Heart Rhythm is the official journal of the Heart Rhythm Society and the Cardiac Electrophysiology Society and has an impact factor of 5.0 (2014...
	Role of the candidate
	Nikki Earle helped develop the research question, including selecting the SNPs to be investigated. She located the patient DNA samples, prepared aliquots for genotyping, gathered the relevant clinical data (searching of medical records databases, ECG ...
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	N.J. Earle, BSc (Hons),* D. Yeo Han, PhD,† A.P. Pilbrow, PhD,ǂ  J. Crawford, NZCS,§
	W. Smith, FRACP, A.N. Shelling, PhD,# V.A. Cameron, PhD, ǂ D.R. Love, PhD,**
	J.R. Skinner, FRACP MD §
	* Department of Medicine, Faculty of Medical and Health Sciences, University of Auckland, New  Zealand
	† Discipline of Nutrition, School of Medical Science, University of Auckland, New Zealand
	ǂ Christchurch Heart Institute, University of Otago, Christchurch, New Zealand
	§ Greenlane Paediatric and Congenital Cardiac Services, Starship Childrens Hospital, Auckland, New Zealand
	Greenlane Cardiovascular Services, Auckland City Hospital, Auckland, New Zealand
	# Department of Obstetrics and Gynaecology, Faculty of Medical and Health Sciences, University of Auckland, New Zealand
	** Diagnostic Genetics, LabPLUS, Auckland City Hospital, Auckland, New Zealand

	4.2 Abstract
	Background: Disease-modifying single nucleotide polymorphisms (SNPs) can help explain incomplete penetrance and variable expressivity in congenital LQTS by altering susceptibility to arrhythmias.
	Objective: The purpose of this study was to assess multiple arrhythmia SNPs (in 16 genes) in a distinct cohort of LQTS patients to identify modifier SNPs influencing the risk of sudden death.
	Methods: This study included 273 patients with LQTS from the New Zealand Cardiac Inherited Disease Registry (154 long QT type 1, 96 long QT type 2 and 23 long QT type 3), including 31 patients who had experienced death or resuscitated sudden cardiac d...
	Results: In Caucasians, four SNPs at two risk loci (NOS1AP: rs12143842 and rs16847548; and KCNQ1: rs10798 and rs8234) were significantly associated with clinical events after correction for multiple testing. Patients homozygous for the risk allele of ...
	Conclusion: This study demonstrates that SNPs in NOS1AP and KCNQ1 are associated with an increased risk of cardiac events in LQTS patients, with the hazard ratio suggesting they have significant potential in clinical risk stratification.

	4.3 Introduction
	Long QT syndrome (LQTS) was the first inherited arrhythmia syndrome to have its genetic basis revealed and has served as a paradigm for other arrhythmia syndromes.467 The QT interval plays an integral part in risk stratification of patients with LQTS,...
	Several genome-wide association studies (GWAS) have found SNPs associated with the QT interval and other measures of cardiac conduction in the general population, or in specific populations such as patients with coronary artery disease.89 Other GWAS o...
	In addition to the type and location of the LQTS-causing mutation, both synonymous SNPs (those not causing a change in amino acid) and non-synonymous SNPs (those causing a change in amino acid) can modify the severity of the LQTS phenotype. These SNPs...
	SNPs in the NOS1AP gene have recently been investigated in patients with LQTS, after they were found to influence ECG parameters and the risk of cardiac arrest in the general population.87,90,91 These studies have suggested that NOS1AP SNPs modulate s...

	4.4 Methods
	Study population
	The study population (n=273) was derived from patients enrolled in the NZ Cardiac Inherited Diseases Registry.445 This is a consent-based clinical registry and includes both living patients referred by pediatric or cardiology services and also victims...
	Clinical data
	Covariate data included age, gender, ethnicity, QTc, location of the LQTS-causing mutation, and cardiac events. A 12‐lead ECG was performed on all live patients. All ECGs were measured manually by cardiologists specialised in electrophysiology and fam...
	SNP selection
	Thirty four SNPs were initially selected from GWAS or candidate gene studies identified during a literature search. Selected SNPs had been shown to affect the QT interval or QRS duration in healthy populations (17 SNPs), QT interval or cardiac events ...
	Genotyping
	Genomic DNA was isolated from whole blood samples using the Gentra Puregene DNA Extraction kit according to the manufacturer’s instructions (Qiagen Pty Ltd, Dusseldorf, Germany) and diluted from stocks to a concentration of 10ng/μL. Primers were desig...
	Statistical methods
	SNP alleles were tested for association with QTc length (as a continuous variable, and dichotomised as ≥500ms or <500ms, an established threshold where ≥500ms indicates high risk103) and cardiac events: SCD/RSCD and “any cardiac event” (SCD/RSCD plus ...
	Multivariable Cox proportional hazards models were used to evaluate predictors of SCD/RSCD, and linear or logistic regression was used to test for associations between each SNP allele and QTc length or “any cardiac event”. All models were adjusted for...
	The SNP alleles were tested using an additive or genotypic model, but if there were ≤15 patients in any one genotype group then the SNP alleles were tested using a dominant model. Six SNP loci fell into this category: rs10919071 (ATP1B1), rs12567209 (...
	Multiple testing was accounted for by using a false discovery rate. This rate used the “qvalue” package in R,469 with a significance threshold (q value) of 0.10. This corresponds to an expectation that up to 10% of declared discoveries are false.437 A...
	A random effects model to adjust for the family structures could not be developed due to the large number of single member families (n = 40). However, the differences in genotype frequencies between singletons and multi-member families were tested usi...

	4.5 Results
	Clinical characteristics, QTc interval and patient outcome
	The clinical characteristics of 273 patients with LQTS (220 Caucasian and 53 Maori/Pacific Islander) from 93 families are shown in Table 4-1. Fifty eight percent of the patients were female and 56%, 35% and 8% had mutations in the KCNQ1, KCNH2 and SCN...
	Patients with a QTc ≥500ms (n=85) were significantly more likely to have suffered a cardiac event [odds ratio (OR) = 2.98, 95% confidence interval (CI) (1.76, 5.03), p<0.001] or SCD/RSCD [OR = 3.84, 95% (CI 1.69, 8.71), p=0.001] over the follow-up per...
	Long QT syndrome sub-type and age were significant predictors of SCD/RSCD but not “all cardiac events” combined. Patients with LQT1 or LQT2 were less likely to have experienced SCD/RSCD than those with LQT3 [hazard ratio (HR) = 0.13, 95% CI (0.05, 0.3...
	IQR = interquartile range; SCD = sudden cardiac death
	Modifier SNPs: Caucasian patient group
	The genotype frequencies for the 29 candidate modifier SNPs are reported in Supplementary Table 4-4. None of the alleles deviated from Hardy-Weinberg equilibrium.
	Clinical Events
	In Caucasian patients, four SNPs at two risk loci (rs12143842 and rs16847548 in NOS1AP; rs10798 and rs8234 in KCNQ1) were significantly associated with clinical events, after correction for multiple testing. Patients homozygous for the risk alleles in...
	* Event/no event equals the number of patients in each genotype group who have/have not experienced RSCD or death
	Figure 4-1 Kaplan-Meier survival analysis showing the cumulative incidence of death or RSCD in the different genotype groups for the NOS1AP polymorphism rs12143842
	(p = 0.009)
	Two other SNPs in the NOS1AP gene (rs4657139 and rs10494366) showed a trend towards association with “any cardiac event” (p<0.05), but these did not remain significant after correction with the false discovery rate (Table 4-3).
	QTc Length
	There were trends indicating that two SNPs (rs3864180 in GPC5 and rs4074536 in CASQ2) may be associated with QT interval length (Table 4-3). The A allele of rs3864180 (GPC5 gene) was associated with having a QTc ≥500ms [OR = 1.62, 95% CI (1.01, 2.61),...
	The SNPs at NOS1AP and KCNQ1 shown to increase the risk of cardiac events in this cohort (rs12143842, rs16847548, rs10798 and rs8234) were not independent predictors of QTc length.
	Modifier SNPs: Maori/Pacific Islander patient group
	There were marked differences in SNP frequencies between Caucasians and the Maori/Pacific Islander group (indicated by asterisks, Supplementary Table 4-4). For example, the R1193Q polymorphism in SCN5A (rs41261344) was excluded from statistical analys...

	4.6 Discussion
	We studied the association of 29 candidate modifier SNPs in arrhythmia genes with disease severity in a distinct cohort of patients with LQTS. The chief finding confirms the role of SNPs at two risk loci, NOS1AP and KCNQ1, as predictors of cardiac eve...
	Several other SNPs showed trends toward associations with clinical events or QTc length, but these were no longer significant after correction for multiple testing. These signals will require evaluation in other cohorts.
	LQT sub-type was an independent predictor of death/RSCD in this cohort, and patients with LQT1 or LQT2 were at a lower risk of death/RSCD than patients with LQT3. The LQT3 patient group was small (n=23), and the mean age at which events occurred was y...
	SNP Loci with Confirmed Associations with Disease Severity
	NOS1AP
	The SNPs rs12143842 and rs16847548 in the NOS1AP gene were associated with a dramatically increased risk of SCD/RSCD in this cohort. The HR was large for both and greatest for rs12143842 at 10.2. To give a clinical perspective, HRs of this order for R...
	In previous studies of patients with LQTS, Tomas et al90 found that among 901 LQTS patients, two NOS1AP SNPs (rs16847548 as in the current study, and rs4657139) were associated with QTc prolongation and all cardiac events. Crotti et al91 found that am...
	NOS1AP encodes carboxyl-terminal PDZ ligand of nitric oxide synthase 1 (neuronal) adaptor protein (CAPON), a regulator of the nitric oxide synthase pathway that was first identified in the brain, and later in ventricular myocytes. When over-expressed ...
	It is intriguing that in our cohort NOS1AP had a distinct association with cardiac events and SCD but not with QTc. Some of this effect may be due to the fact that five of the patients who were deceased never had an ECG, because their diagnosis was ma...
	KCNQ1
	The SNPs rs10798 and rs8234, located in the 3' UTR of the KNCQ1 gene and in complete linkage disequilibrium (R2=1), are significantly associated with an increased risk of cardiac events in Caucasians. The 3'UTR of mRNA transcripts encodes cis-regulato...
	Unfortunately genotyping by Sequenom MassARRAY does not distinguish whether a SNP allele is in cis or in trans with the LQTS-causing mutation. It seems plausible that the signal of increased risk of cardiac events shown in this cohort is because the m...
	Another SNP in KCNQ1 (rs2074238) has recently been linked to fewer symptoms and a shorter QTc in patients with LQTS.99 This SNP is not in linkage disequilibrium with rs10798 and rs8234 (r2 = 0.08).
	SNP Loci with Suggested Associations with Disease Severity
	CASQ2
	The C allele of rs4074536, T66A in exon 1 of the CASQ2 gene was associated with a decreased likelihood of having QTc ≥500 (uncorrected p = 0.041). CASQ2 encodes calsequestrin 2, a protein found in the sarcoplasmic reticulum of cardiac and slow skeleta...
	GPC5
	The A allele of rs3864180, an intronic SNP in the GPC5 gene, was associated with an increased likelihood of having a QTc ≥500ms (uncorrected p=0.049).  In the Oregon Sudden Unexpected Death Study the G allele of this SNP was associated with a decrease...
	SCN5A
	The sub-group of Maori and Pacific Islanders have not been previously studied for LQTS in either presentation or outcome. While the numbers were too small to show any significant associations after correction for multiple testing, 17% of the patient g...
	This has similarities to the SCN5A S1103Y polymorphism, which is known to subtly modulate arrhythmia risk and is found in approximately 13% of Black Americans but is not generally found in Caucasians.476

	4.7 Limitations
	Clinical data for some variables were not available for a significant proportion of patients in this analysis, precluding multivariable analysis. This included whether patients were treated with beta- blocker drugs; hence the potential effect of this ...
	This cohort consists of a varied population with different LQTS-causing mutations known to confer varying risks. Although this complicates quantifying the effects of individual SNPs, we tried to adjust for this by including LQTS sub-type as a covariat...
	The small number of patients in the Maori/Pacific Islander group meant there was a lack of statistical power to detect significant associations with cardiac events or with QTc length following adjustment for multiple testing.
	Some of the members of this cohort are related, with 75 Caucasian and 18 Maori/Pacific Islander families of varying sizes (ranging from 1-13 members). Ideally this would be accounted for during statistical analysis but this was not possible with the f...

	4.8 Conclusions
	This first investigation into the NZ LQTS patient cohort demonstrates that modifier SNPs in NOS1AP and KCNQ1are associated with an increased risk of sudden cardiac death and cardiac events in patients with LQTS, with the hazard ratios suggesting they ...
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	4.10 Additional analyses: Mutation location and risk of SCD
	Having explored the role of SNPs in the risk of SCD/RSCD in this cohort, following the publication of this manuscript we sought to determine the prevalence of other genotypic risk factors for SCD in  our cohort of patients with LQTS. Patients with LQT...
	KvLQT1 has 676 amino acids with an intracellular C-terminus region, 6 membrane-spanning segments with two cytoplasmic connecting loops (C-loops), and an intracellular N-terminus region. In women with LQT1, mutations within the C-loops have been associ...
	Each α-subunit of Kv11.1 has 1159 amino acids with six transmembrane segments (S1 to S6) with the pore region (P-loop) found between S5 and S6. In males with LQT2, P-loop mutations confer an increased risk compared to other mutations (published hazard...
	We categorised the C-loop and P-loop mutations from patients with LQT1 and LQT2 in this cohort to ascertain their prevalence and explore whether they affected the risk of SCD. This analysis included 111 additional patients who were not included in the...
	Twenty LQT1 patients were female with C-loop mutations (14% of females with LQT1) (Table 4-8). There were 19 RSCD/SCD events in LQT1 patients, and two (11%) of these occurred in patients with C-loop mutations. One of these was an in-hospital cardiac a...
	Four LQT2 patients were male with P-loop mutations (7% of males with LQT2), and two of these patients had experienced SCD/RSCD. Both were sudden deaths at home, one aged 37 years and the other aged 23 years.
	The small numbers of patients with the high-risk mutations in the current analysis were insufficient to undertake any modelling of the potential hazard. Given the evidence in large international cohorts though, cardiologists should be aware of the imp...
	IQR = interquartile range; SCD = sudden cardiac death; C-loop = cytoplasmic loop; P-loop = pore loop; QTc = corrected QT interval
	Published abstract: Earle N., Smith, W., Crawford, J., Love D., Hayes, I., Graham M., Donoghue T., Hood M., Stiles M., Skinner J. The prevalence of emerging genotypic risk factors in patients with long QT syndrome. Heart Lung Circ, Volume 23, Suppleme...


	Chapter 5. SINGLE NUCLEOTIDE POLYMORPHISMS IN ARRHYTHMIA GENES, REPOLARISATION LENGTH, AND RISK OF SUDDEN DEATH EVENTS IN HYPERTROPHIC CARDIOMYOPATHY
	5.1  Preface
	Hypertrophic cardiomyopathy has an estimated prevalence of at least 1 in 500 in the general population, and the existence of the ICD as an effective therapy to prevent SCD in these patients has meant that the identification of those at highest risk is...
	As discussed in the preceding literature review, determining the risk of arrhythmias in patients with HCM has traditionally been based on clinical variables including LV wall thickness and a history of previous arrhythmic events.480 A family history o...
	The aims of the research presented in this chapter were:
	 To describe the baseline characteristics and clinical predictors of SCD events (including SCD, resuscitated cardiac arrest and appropriate ICD shocks for VT or VF) in the collected cohort of New Zealand and Australian patients with HCM.
	 To explore the role of QTc duration in the risk of SCD events and describe the ECG repolarisation morphology in these patients.
	 To genotype a panel of SNPs within or near QT interval and arrhythmia-associated genes and test for assocations with QTc length and SCD events in the context of the clinical predictors of outcome.
	Nikki Earle helped develop the research question including selecting the SNPs to be investigated, gathered the relevant clinical data for the New Zealand patients, located DNA samples and prepared aliquots for genotyping, carried out all of the statis...
	N.J. Earle, BSc (Hons),*  J. Ingles, GradDipGenCouns PhD,† ǂ §   R.D. Bagnall, PhD,† ǂ
	B. Gray, MBBS FRACP,† ǂ §   J. Crawford, NZCS,   W. Smith, FRACP,#   A.N. Shelling, PhD,**
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	5.2 Abstract
	Background: The accurate prediction of the risk of sudden cardiac death (SCD) in hypertrophic cardiomyopathy (HCM) remains elusive. Corrected QT interval (QTc) is a known risk factor in various cardiac conditions. Single nucleotide polymorphisms (SNPs...
	Methods: This HCM registry-based study included patients with an ECG, medical history, first SCD event data and DNA available. Each individual SNP was assessed using logistic regression for associations with two outcomes: first SCD event (SCD, resusci...
	Results: In 272 HCM patients, there were 31 SCD events (8 SCD, 9 resuscitated cardiac arrest, 14 ICD shocks for VF/VT) (11%). A QTc ≥500ms was associated with SCD events on multivariate analysis [OR = 4.0, 95%CI 1.19-12.02, p = 0.016]. In 228 Caucasia...
	Conclusion: Marked QTc prolongation is a risk factor for SCD in patients with HCM. SNPs in the NOS1AP gene influence QTc interval duration but we have not demonstrated a direct association with the risk of SCD.

	5.3 Introduction
	Hypertrophic cardiomyopathy (HCM) is an autosomal dominant genetic disorder of the cardiac muscle and is a major cause of sudden cardiac death (SCD) in young adults, with an estimated prevalence of at least 1 in 500 in the general population.480 Ventr...
	Current guidelines to identify those patients with HCM at risk of SCD utilise clinical, family history and echocardiographic criteria. Traditionally, prior cardiac arrest, a family history of SCD, recent unexplained syncope, a maximum left ventricular...
	The new ESC guidelines have improved discriminatory power. With the previous guidelines, most patients treated with an ICD did not receive appropriate therapy in the short to medium term.481 Conversely many who died suddenly would not have been recomm...
	Single nucleotide polymorphisms (SNPs), particularly in the NOS1AP gene, have recently been shown to be associated with QT prolongation and increased risk of SCD in the general population and particularly in those with long QT syndrome.356,466 We aime...

	5.4 Methods
	Study population:
	The study population was derived from patients who have provided DNA samples to either the Hypertrophic Cardiomyopathy Centre (Sydney, Australia) (n = 208) or the New Zealand (NZ) Cardiac Inherited Diseases Registry (n = 88). All patients were unrelat...
	Clinical data:
	ECG, echocardiographic and medication data were recorded in registry and hospital databases as part of routine clinical follow-up. Echocardiography was performed at several hospitals as part of clinical care; the maximum LVWT and presence of left vent...
	The most recent ECG available from clinical follow-up was used, and all ECGs were measured manually by the senior author (JS) to reduce measurement variability. The QT interval was measured in leads II and V5, using the tangent technique.403 Initially...
	SNP selection and genotyping:
	Twenty one SNPs were selected from genome-wide association studies (GWAS) and candidate gene studies following a comprehensive literature search. Selected SNPs had published associations with ECG parameters in healthy populations (11 SNPs), SCD or car...
	Genomic DNA was extracted from whole blood samples using the Gentra Puregene DNA Extraction Kit (NZ) or the Qiagen QIAamp DNA Mini Kit (Australia) according to the manufacturer’s instructions (Qiagen Pty Ltd, Dusseldorf, Germany), and stored at -80 C....
	Statistical methods:
	Baseline characteristics of groups were compared using the chi-squared or Fisher’s exact test when appropriate for categorical variables, and the t-test or Wilcoxon rank sum test when appropriate for continuous variables. Hardy-Weinberg equilibrium wa...
	The minor alleles of selected SNPs were tested for associations with two outcomes using logistic regression: 1) first SCD events and 2) prolonged QTc (≥440ms). All SNP analyses used an additive genetic model, and SNPs with significant univariate assoc...
	As QRS prolongation will in turn cause prolonged myocardial repolarisation, a sensitivity analysis excluding patients with prolonged QRS duration (>120ms) was performed for any significant associations.
	This cohort included 63 patients from a previous analysis by Gray et al. which showed that a prolonged QTc predicted appropriate ICD therapy.213 To ensure an independent replication in our cohort, as a sensitivity analysis we tested for association be...
	Analyses were carried out using R programming language version 3.1.0, with the R package  “qvalue” used for the FDR.469

	5.5 Results
	After the exclusion of 24 patients on amiodarone or sotalol, 272 patients remained in this study (Figure 5-1). Thirty-nine percent were female, the mean age was 55 years (SD 17), and the mean age at diagnosis was 41 years (SD 18) (Table 5-1). There we...
	Figure 5-1 Derivation of the study cohort for the clinical and genetic analyses
	Patients who had experienced SCD events were younger, had a younger age at diagnosis, and were more likely to have had genetic testing (Table 5-1). Patients with one or more of the four traditional risk factors for SCD (for which we had data) were mor...
	Values are mean (SD), n (%), or med (IQR).  SCD = sudden cardiac death; NZ = New Zealand; ICD =implantable cardioverter defibrillator; NSVT = non-sustained ventricular tachycardia; LVWT = left ventricular wall thickness;
	LVOT = left ventricular outflow tract; QTc = corrected QT interval; SD = standard deviation; IQR = interquartile range
	QTc and repolarisation morphology
	The measurement of the QT interval was challenging for two reasons: 1) complex repolarisation in V5, where 66 patients (24%) had a strain pattern with a long T-U complex, and 2) low amplitude T wave morphology in lead II, with 43 (16%) patients displa...
	Figure 5-2 Three lead ECGs from three different patients with HCM
	A) The T wave is flat in lead II. The end of the T wave can be better defined by the use of leads I and III.  B) The T waves are flat in all limb leads and the end of the T wave is estimated. It is possible that repolarisation is much longer. C) Two p...
	Using the longest QTc of leads II and V5, the recommended method for QT interval measurement,403 a QTc ≥440ms was not associated with SCD events in this cohort (OR 1.69, 95%CI 0.79-3.79, p=0.188). To remove the influence of the strain pattern in V5 we...
	SNP associations with prolonged QTc
	The minor allele of the SNPs rs10494366 and rs12143842 in the NOS1AP gene were significantly associated with QTc ≥440ms in a univariate analysis following correction for multiple testing (OR 1.65 per copy of the minor allele, 95%CI 1.09-2.39, p=0.018,...
	SNP associations with SCD
	None of the 19 SNPs were significantly associated with SCD events following correction for multiple testing. One SNP, rs3815459 from the potassium channel gene KCNH2, showed a trend towards association with a decreased risk (OR 0.40, 95%CI 0.15-0.94, ...
	OR = odds ratio; CI = confidence interval; LVWT = left ventricular wall thickness

	5.6 Discussion
	In this cohort of 272 patients with HCM, 11% experienced SCD events despite known risk factors being absent in nearly half of these cases. Two SNPs in the NOS1AP gene were associated with QTc prolongation and a QTc (500ms in lead II indicated a four-f...
	Clinical predictors of SCD and cardiac arrest
	Of the traditional risk stratifiers for SCD (for which we had data available), patients with one or more risk factor were more likely to have experienced SCD events. No single risk factor alone was associated with SCD events, possibly due to a lack of...
	A significant association between QTc duration and SCD events in this cohort was present when measuring lead II and when dichotomising QTc at 500ms (but not at 440ms), persisting when the 63 patients who were part of the previous study by Gray et al. ...
	Assessment of repolarisation
	Meaningful assessment of QTc length proved challenging. No guidelines exist for QT measurement in patients with HCM, unlike in long QT syndrome. Even in long QT syndrome, there is no internationally accepted method, with the two most popular being 1) ...
	The role of SNPs in QTc length and risk stratification for SCD
	Two SNPs in the NOS1AP gene were associated with a prolonged QTc (≥440ms) on multivariable analysis (rs12143842 and rs10494366). These SNPs are in non-coding regions of the gene (the 5' untranslated region and intron 1 respectively), and are not in st...
	Variants in the gene NOS1AP have consistently been associated with QT interval length and SCD in a range of different populations and patient groups, including in general population studies,356 long QT syndrome,466 and coronary artery disease.292 The ...
	In our current study, no SNPs were significantly associated with SCD events. Given the previous strong associations with the risk of SCD for many of these SNPs across different patient groups and disease types, the hypothesis of a role for these modif...
	We could postulate that for SNPs identified as affecting arrhythmia risk, there is gradient of risk depending on the relevant background cardiac condition. Repolarisation reserve is the concept where repolarisation is occurring through several inward ...

	5.7 Limitations
	This is a mixed cohort with varying disease severity and causative mutations in different genes (where the mutation is known). The effects of disease-modifying SNPs can be more difficult to detect in a heterogenous population, but this must be weighed...
	Depending on the study population and the heart rate correction formula used, different upper normal limits have been applied to the QTc interval. Current ECG recommendations state that limits of 460ms for women and 450ms for men are a practical compr...
	Finally, to avoid potential problems with confounding due to different allele frequencies, the genetic analyses were carried out only in Caucasians with 16% of the cohort therefore excluded. Thus, the results cannot be generalised to people of non-Cau...

	5.8 Conclusions
	This study has confirmed that a QTc interval ≥500ms is a novel risk factor for SCD events in HCM. It also showed that NOS1AP SNPs were associated with QTc interval length, but none of the tested SNPs demonstrated a direct association with the risk of ...
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	Chapter 6. GENETIC MARKERS OF ARRHYTHMIA RISK FOLLOWING ACUTE CORONARY SYNDROMES
	6.1 Preface
	Much of the knowledge around the genetic basis of arrhythmias and SCD has been gained through research into inherited cardiac disorders such as LQTS. In contrast, identifying genetic risk factors for SCD in patients with acquired cardiovascular diseas...
	Acute coronary syndromes (ACS) include ST-elevation MI, non-ST elevation MI and unstable angina, and patients experiencing these events are at an increased risk of subsequent SCD. Risk stratification to identify patients at the highest risk currently ...
	The aims of the research presented in this chapter were:
	 To describe the clinical, echocardiographic and neurohormonal characteristics of the CDCS patient cohort at baseline and at 1 month post ACS, and the clinical predictors of SCD/cardiac arrest (CA).
	 To describe changes in repolarisation over the 12 months following hospital admission for an ACS.
	 To genotype a panel of potentially arrhythmogenic SNPs and test for associations with prolonged repolarisation and SCD/CA in the context of the clinical predictors of outcome.
	 To undertake exploratory data analysis around repeated measures of QTc and their relation to SCD/CA events using joint modelling approaches.
	In December 2014 the following manuscript was published in the American Heart Journal, Volume 169 (4), Pages 579-586. The American Heart Journal is a general cardiology journal and has an impact factor of 4.6 (2014).
	The manuscript is followed by further related analysis (the joint modelling of repeated measures of QTc) that was carried out subsequent to manuscript submission.
	The role of the candidate:
	Nikki Earle helped develop the research question including selecting the SNPs to be investigated, prepared DNA aliquots for genotyping, performed data cleaning, and carried out all of the statistical analyses (under the supervision of Dr Katrina Poppe...
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	N.J. Earle, BSc (Hons),*  K.K. Poppe, PhD,*  A.P. Pilbrow, PhD,† V.A. Cameron, PhD FAHA, † R.W. Troughton, MBChB PhD,†   J.R. Skinner, FRACP MD,ǂ  D.R. Love, PhD, §  A.N. Shelling, PhD,
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	6.2 Abstract
	Background: There is a genetic contribution to the risk of ventricular arrhythmias in survivors of acute coronary syndromes (ACS).  We wished to explore the role of 33 candidate single nucleotide polymorphisms (SNPs) in prolonged repolarisation and su...
	Methods: Two thousand one hundred and thirty nine patients (1680 Caucasian ethnicity) surviving an admission for ACS were enrolled in the prospective Coronary Disease Cohort Study. Extensive clinical, echocardiographic and neurohormonal data were coll...
	Results: One hundred and six SCD/CA events occurred during follow-up (6.3%). Three SNPs from three genes (rs17779747 [KCNJ2], rs876188 [C14orf64], rs3864180 [GPC5]) were significantly associated with SCD/CA in multivariable models (after correction fo...
	Conclusion: Three SNPs were associated with SCD/CA. Repolarisation time was associated with variation in the NOS1AP gene. This study demonstrates a possible role for SNPs in risk stratification for arrhythmic events following ACS.

	6.3 Introduction
	Patients with acute coronary syndromes (ACS) are at risk of fatal and non-fatal ventricular arrhythmias, with up to 80% of sudden cardiac death (SCD) occurring in the setting of coronary artery disease.37 The selection of patients for interventions su...
	Genome-wide association studies (GWAS) and candidate gene studies have identified associations between single nucleotide polymorphisms (SNPs) and electrocardiogram (ECG) parameters, as well as with SCD risk in the general population and in specific po...
	The Coronary Disease Cohort Study (CDCS) is a prospective New Zealand (NZ) study following patients admitted for ACS, with extensive clinical, echocardiographic and neurohormonal data collected.489,490 Up to six ECGs were available for each patient ov...

	6.4 Methods
	Patient inclusion
	Patients presenting with ACS were enrolled in CDCS at Christchurch or Auckland City Hospitals (NZ) from July 2002-February 2009. Inclusion criteria were: ischemic discomfort plus ≥1 of: ECG change (ST-segment depression or elevation ≥0.5 mm, T-wave in...
	Clinical data
	Clinical data were collected from the index admission, and clinical, echocardiographic and neurohormonal data were collected at two follow-up clinics (1 month and 12–14 months). Ethnicity was self-reported. Plasma samples collected at follow-up clinic...
	ECG repolarisation
	Resting 12-lead ECGs were recorded using Phillips Hewlett Packard Pagewriter 100 machines. ECG data were classified according to the presence or absence of “prolonged repolarisation”, defined as a QTc interval >440ms. If QRS duration was >120ms, the c...
	Events
	Clinical events were obtained from NZ National Health Information Services databases (which record all hospital admissions and death).  All deaths were adjudicated by a cardiologist as cardiac-sudden, cardiac-non sudden, cardiac-unknown or non-cardiac.
	SNP Selection and genotyping
	DNA was extracted from whole blood or frozen buffy-coat leukocytes as described previously.491 Thirty six SNPs were selected from GWAS and candidate gene studies following a comprehensive literature review. Selection was based on prior associations wi...
	Primers were designed using the mySequenom assay designer suite software (https://www.mysequenom.com). Genotyping was undertaken at the Liggins Institute (University of Auckland, NZ) in multiplex using Sequenom MassARRAY iPLEX assays (Sequenom Inc, Sa...
	Statistical methods
	The minor alleles of selected SNPs were tested for associations with two outcomes: prolonged repolarisation (defined earlier), and SCD/CA. Logistic regression tested for associations with prolonged repolarisation, and Cox proportional hazards models f...
	Caucasian patients only were included in this analysis, and because of drug effects on repolarisation, patients on amiodarone or sotalol during the index admission were excluded. Patients on amiodarone/sotalol at any stage and those with SCD/CA events...
	All SNP analyses used an additive genetic model with the number of copies of the minor allele coded 0/1/2. SNPs with significant univariate associations to events (following correction for multiple testing) were added individually to the multivariable...
	A false discovery rate (FDR) was used to account for multiple comparisons: the SNPs were preselected, and we utilized a FDR of 20% (a q-value threshold of 0.20). A q-value is an adjusted p-value created using the FDR approach, that assumes up to 20% o...
	In multivariable models showing significant associations between SNP and outcome, interactions between prior heart failure and all other covariates were assessed. Although LVESVi is a stronger predictor of mortality than LVEF,492 LVEF is commonly used...
	Analyses were carried out using R programming language v3.1.0, with the package  “qvalue” used for the FDR.469
	Funding
	The CDCS study was funded by the NZ Health Research Council (HRC), Heart Foundation, Lotteries Grant Board and Foundation for Research, Science and Technology. NJE is supported by a postgraduate scholarship from the Auckland Medical Research Foundatio...

	6.5 Results
	Of 2139 patients in the overall study, 459 (21%) were excluded:  167 due to absence of a DNA sample; 253 non-Caucasians; and 39 were on amiodarone or sotalol on admission; resulting in 1680 patients (Figure 6-1). Baseline characteristics are shown in ...
	During a median follow-up of 5.0 years, 106 patients experienced SCD/CA events (61 SCDs and 45 CAs), with 364 deaths overall (22%) (Table 6-1). Patients with SCD/CA were older (70 vs 68 years), had a history of worse cardiovascular disease (prior MI, ...
	Twenty three percent of patients had prolonged repolarisation on their first index admission ECG, 26% on their last admission ECG, 13% at the 1 month assessment, and 16% at the 12 month assessment. The MAF for the 31 SNPs are reported in Supplementary...
	Index Admission
	At the time of index admission, patients who went on to experience a  SCD/CA event had a higher peak creatine kinase associated with their ACS, higher creatinine, and were more likely to have LBBB on their first admission ECG, along with a longer QTc ...
	SD = standard deviation; MI = myocardial infarction;  CABG = coronary artery bypass graft;  LDL = low density lipoprotein;  CK = creatine kinase;  IQR = interquartile range;  ECG = electrocardiogram;  QTc = corrected QT interval; VF = ventricular fibr...
	Associations with SCD/CA and prolonged repolarisation
	Four SNPs had significant univariate associations with SCD/CA following correction for multiple testing: rs10919071 (ATP1B1), rs17779747 (KCNJ2), rs876188 (C14orf64), and rs3864180 (GPC5) (Supplementary Table 6-6). In multivariable models, the minor a...
	Clinical predictors of SCD/CA that remained significant in all three multivariable models were male sex, prolonged repolarisation, LBBB, and prior heart failure (Table 6-2). No significant interactions were observed between prior heart failure and all...
	None of the 31 SNPs had significant univariate associations with prolonged repolarisation at the point of index admission.
	CI = confidence interval; LBBB = left bundle branch block; T2DM = type 2 diabetes
	One Month Assessment
	ECG, echocardiographic and neurohormonal data were collected for 1563 (93%) patients at the 1 month assessment (median 33 days post-index admission). The median NTproBNP was 76 pmol/L (IQR 37, 163 pmol/L), median LVESVi was 24 ml/m2 (IQR 18, 33 ml/m2)...
	Patients who went on to experience SCD/CA following this visit (n = 79) had higher NTproBNP levels, were more likely to be taking diuretics, digoxin or clopidogrel, were more likely to have ECG LBBB, had larger LV volumes and lower LVEF compared with ...
	Associations with SCD/CA and prolonged repolarisation
	There were 79 SCD/CA events following the 1 month assessment. One SNP, rs10757274 in the 9p21 region, had a univariate association with events (HR=1.50, 95%CI 1.09-2.09, p=0.014), however this did not remain significant following correction for multip...
	following correction for multiple testing.
	Figure 6-1 Study exclusions and model components at admission, 1 month and 12 months after the acute event
	SCD/CA = sudden cardiac death/cardiac arrest; LBBB = left bundle branch block; HF = heart failure; NTproBNP = N-terminal pro-B-type natriuretic peptide; LVESVi = indexed left ventricular end systolic volume; T2DM = type 2 diabetes mellitus
	SCD/CA = sudden cardiac death/cardiac arrest; NTproBNP = N-terminal pro-B-type natriuretic peptide; IQR = interquartile range; ECG = electrocardiogram; QTc = corrected QT interval; LVEF = left ventricular ejection fraction; LVEDVi = indexed left vent...
	*Excluding patients on amiodarone/sotalol at any time before this visit, excluding those with cardiac arrests during index admission
	12 Month Assessment
	One thousand, four hundred and twenty patients (85%) attended the 12 month assessment (Table 6-4): median NTproBNP was 55pmol/L (IQR 25,123 pmol/L), and median LVESVi 24 ml/m2.
	Associations with Prolonged Repolarisation
	Two hundred and thirty patients (16%) had prolonged repolarisation on their ECG. On univariate analysis, two SNPs in the NOS1AP gene were significantly associated with prolonged repolarisation at 12 months post-ACS following correction for multiple te...
	When included in a multivariable model with information contemporary with the 12 month clinic visit (age, sex, T2DM, NTproBNP, LVESVi, and LBBB) the minor allele of both SNPs remained significantly associated with prolonged repolarisation (rs10494366 ...
	CI = confidence interval; NTproBNP = N-terminal pro-B-type natriuretic peptide; LVESVi = indexed left ventricular end-systolic volume; T2DM = type 2 diabetes; LBBB = left bundle branch block
	None of the five SNPs significant after correction for multiple testing using the FDR reached the Bonferroni-corrected significance level of p<0.002.

	6.6 Discussion
	In this study of patients hospitalised with ACS, 6.3% subsequently had SCD/CA. We demonstrated associations between three SNPs (in the genes KCNJ2, GPC5 and C14orf64) and SCD/CA, and between two SNPs in NOS1AP and prolonged repolarisation on ECGs 12 m...
	Clinical indicators of prolonged repolarisation and SCD/CA
	In a multivariable analysis, prolonged repolarisation on the first index admission ECG was an independent predictor of SCD/CA. In the setting of ACS the QTc interval is known to prolong, and QTc prolongation has been associated with SCD in the general...
	Left ventricular ejection fraction is an important predictor of SCD and overall survival in this setting, and is the main selection criterion for an ICD for primary prevention of SCD.281 In our cohort, only 24% of the patients who experienced SCD/CA e...
	In our cohort, patients who went on to have SCD/CA following the 1 month assessment had higher NTproBNP levels, and NTproBNP at 12 months was significantly associated with prolonged repolarisation (multivariable analysis). Increased NTproBNP (and BNP)...
	SNP associations with SCD/CA
	The minor allele of SNP rs17779747, ~300kb downstream from the KCNJ2 gene, was associated with a decreased risk of SCD/CA at the point of hospital admission. This finding is supported by previous analyses where this allele was associated with a shorte...
	The minor allele of the SNP rs876188 (near the chromosome 14 open reading frame 64, C14orf64) was associated with an increased risk of SCD/CA. This aligns with previous findings; in a GWAS of 989 patients with sudden CA, the minor allele of this SNP s...
	The minor allele of the intronic SNP rs3864180 from the GPC5 gene was associated with an increased risk of SCD/CA. The GPC5 gene encodes glypican 5, a heparan sulfate proteoglycan. These proteins are bound to the outer surface of the plasma membrane i...
	None of the three SNPs associated with SCD/CA at admission were associated with subsequent events at the 1 month time point. This is potentially due to a lack of statistical power: 79 of the 106 events occurred after this time, possibly not sufficient...
	SNP associations with prolonged repolarisation
	Polymorphisms in the NOS1AP gene have been consistently associated with QT interval length, as well as with SCD in population cohorts and with SCD/CA in patients with congenital long QT syndrome.356,466 In our cohort, two independent signals from this...
	Recent analyses have identified another non-coding SNP in NOS1AP as the likely functional variant for the QT interval (rs7539120).368 The NOS1AP protein was localised to cardiomyocyte intercalated discs, suggesting a role in modulating ion flow throug...

	6.7 Limitations
	The patients in this study are heterogeneous with respect to age, extent of coronary artery disease and presence of co-morbidities, and potentially have diverse substrates for arrhythmia formation. This may result in the concealment of the influence o...
	Depending on the study population and the heart rate correction formula used, different upper normal limits have been applied to the QTc interval. Current ECG recommendations state that limits of 460ms for women and 450ms for men are a practical compr...
	Twenty one percent of the patients in the original study cohort were excluded for these analyses. In particular due to potential differences in allele frequencies amongst different ethnicities, this study only included patients of Caucasian ethnicity....
	We did not test for associations between SNPs and SCD/CA events subsequent to the 12 month visit, as only 68 (64%) events occurred after this time-point. Therefore, potential associations with only those events occurring late (i.e. >12months) followin...

	6.8 Conclusion
	Optimal risk stratification following SCD is ultimately likely to require a combination of readily available clinical information and selected specialised investigations, including testing for the presence of genetic modifiers. Further prospective tes...
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	6.11 Additional analyses: Joint modelling of repeated measures of QTc
	Following submission of the preceding manuscript where we identified prolonged repolarisation as a risk factor for SCD/CA, the ensuing analysis was undertaken to investigate the relevance of repeated measures of QTc in this context.
	Introduction
	Studies of long-term risk often use a single measurement of a variable despite the existence of repeated measures. For example, many decisions on post-MI ICD intervention are based predominantly on a single measurement of LV ejection fraction.495  Mea...
	Incorporating repeated measures makes more efficient use of the available data, and the integration of this into risk prediction is therefore appealing. This concept is known as dynamic risk profiling.495 Statistical techniques allow us to investigate...
	The QTc interval is one example of a dynamic measurement, with multiple influences (patient and measurement factors) on its length. Measurement can be manual or automated, and though manual measurement is generally agreed to be preferable, accurate ma...
	Prolonged repolarisation upon hospital admission for an ACS has been shown to be an independent predictor of SCD/CA in this cohort, but whether this relationship is consistent over time is not known. Therefore in this analysis, repeated measurements o...
	Methods
	Patients included in this analysis were required to have full ECG data available (five measures of QTc: first and last admission ECGs, and 1 month, 4 month, and 12 month outpatient assessment ECGs). As a prolonged QRS duration will in turn cause QTc p...
	The QTc measurements on each ECG were categorised as being in or out of the high risk category of >440ms (consistent with the analyses in the preceding manuscript), and the movements of patients between categories at each time point were ascertained. ...
	We tested for associations between QTc and SCD/CA using QTc as a continuous measurement rather than using the risk category of above or below 440ms as a continuous measure is more informative for the joint modelling approach. We used a joint model inc...
	The joint model is formed by a Cox proportional hazards model for the survival component, and a linear regression model for the longitudinal component with patient-specific time-points of each measurement as a random effect. The longitudinal model tak...
	Analysis was undertaken using R programming language v3.1.0434 and the package “JM”.498
	Results
	Of the 2139 patients in the CDCS, 1343 (63%) had ECG data available at all time points and were not excluded based on QT-prolonging drugs or QRS duration. Of these, 50 experienced a SCD/CA event within 4 years.
	Variability of the QTc duration
	Figure 6-2 shows the number of subjects that moved in and out of what is considered the high risk category of QTc >440ms over the 12 months following an admission for an ACS event. Five hundred and ninety six (44%) of patients had a QTc >440ms at some...
	Of those with at least one prolonged QTc, 285 (48%) had a prolonged QTc on the first ECG taken during their admission for an ACS event. One hundred and eighty nine patients had their QTc interval prolong during admission (while for 166 patients the QT...
	Figure 6-3 shows a sample of QTc longitudinal measurements (using QTc as a continuous measurement) from 50 patients over the 12 months. The peak QTc measurement varies between different patients, with greater observed variation during the first three ...
	The observed variation in QTc demonstrates that using a single baseline measurement of QTc to predict risk in this setting is not necessarily reliable and may be misleading.
	Figure 6-2 Movement of patients above and below the selected risk level of 440ms for the five ECGs available over the 12 month period following admission for an ACS
	Figure 6-3 Sample of 50 patients with longitudinal measurements of QTc (five measurements per patient)
	Joint Model
	Longitudinal process:
	Event process:
	QTc is included in these models as a continuous measure. The longitudinal process of the QTc measurements is represented by the average first QTc measurement (the intercept, 413ms), which reduced by 10ms per year (Table 6-8). The presence of the minor...
	Standard survival model predicting SCD/CA using only the first QTc measurement
	For comparison, a Cox model including only the first measurement of QTc at hospital admission and adjusted for age, gender, and the SNPs rs17779747 and rs12143842 was created. QTc length was not significantly associated with SCD/CA (HR 1.077, 95%CI 0....
	Figure 6-4 contains examples of individual dynamic survival probabilities for three patients; the green line shows the mean predicted survival probability which is updated after each new measurement of QTc is taken into account (five measurements in t...
	Even when a longer measurement of QTc is added to the joint model, as from the second to third time points for subject 120 (the last admission and 1 month measurements), the predicted survival probability still increases. This may be due to the surviv...
	Following page:
	Figure 6-4 Dynamic survival predictions for three selected patients, showing the predicted mean probability of SCD/CA following the inclusion of each additional measure of QTc (up to five measurements)
	Discussion
	This investigation was performed to explore the variable nature of the measurement of the QTc interval and its value in predicting the risk of SCD/CA following ACS. Baseline measures are usually used to predict risk. However, we have shown that QTc va...
	The incorporation of repeated measures of QTc into a joint longitudinal and survival model demonstrates that a longer QTc interval is a significant predictor of SCD/CA following ACS. This contrasts to using only the initial measure of QTc at the point...
	The joint models were then used to create individual survival predictions that can be updated as new measurements become available. The relevance of this is that risk prediction can be updated over time using the most current information which then re...
	Other studies have shown that when there is a relationship between a survival process and a longitudinal process, joint models produce more reliable estimates of risk compared with other methods such as two-stage modelling or time-dependent Cox models...
	This analysis has a number of limitations due to its exploratory nature. There are a limited number of SCD/CA events, and more events would have enabled the inclusion of more relevant clinical covariates. The availability of more QTc measurements over...
	Conclusion
	When repeated measures are taken into account, QTc interval duration is a significant predictor of SCD/CA in this cohort of patients surviving admission for an ACS. However, QTc is not a significant predictor when a single baseline measurement is used...


	Chapter 7. SUMMARY AND PERSPECTIVES
	The research in this thesis primarily explores the role of genetic variants, specifically SNPs, in the risk of SCD. The investigations were carried out across three patient cohorts and disease types, spanning both inherited and acquired cardiovascular...
	7.1 Key results, significance and contribution
	7.1.1 Detection of long QT syndrome using a clinical registry
	The data presented in the manuscript contained in Chapter 3 provided proof-of-principle for the detection of LQTS via a consent-based registry that includes clinical genetic testing and referrals for sudden unexplained death in the young, as well as a...
	Subsequent to the publication of this manuscript, two manuscripts were published in September 2014 in the journal Heart Rhythm with opposing views on the need for, and efficacy of, ECG screening for LQTS in infancy (one co-authored by the senior autho...
	Skinner and Van Hare counter this by arguing that ECG screening programs have not been evaluated in terms of outcome, so whether they will decrease the incidence of SCD is not known.501 They present evidence on the unreliability of the ECG as a diagno...
	This debate will likely continue for some time yet, but the recent statement from the American Heart Association and the American College of Cardiology on ECG screening in the age group 12 to 25 years does not recommend mass ECG screening of healthy y...

	7.1.2 The role of SNPs in repolarisation and arrhythmia risk in patients with long QT syndrome, patients with hypertrophic cardiomyopathy, and survivors of acute coronary syndromes
	The studies reported in Chapters 4-6 explored the role of a range of candidate arrhythmogenic SNPs in SCD and cardiac arrest, and in repolarisation time (represented by the QT or JT interval).
	Long QT syndrome
	The work presented in Chapter 4 investigated the role of disease-modifying SNPs in 273 patients with LQTS. Two identified risk loci (at NOS1AP and KCNQ1) were associated with the risk of SCD or resuscitated SCD, helping to explain the phenotypic varia...
	A novel aspect of this study was the differences in allele frequencies between the Caucasian and Maori/Pacific Islander patient groups. In particular, the R1193Q polymorphism in the SCN5A gene was found in 17% of the Maori/Pacific Islander patient gro...
	Since the publication of this manuscript, one further genetic modifier locus of note has been identified in a South African LQT1 founder population.504 This locus encompasses the AKAP9 gene that encodes for the A-kinase anchor protein known as yotaio,...
	Accurate risk stratification for patients with LQTS in the future is likely to include both clinical and genotypic markers of risk. Further modifier SNPs will be identified incrementally, particularly in founder populations where the relative homogene...
	Hypertrophic cardiomyopathy
	Risk stratification to identify patients with HCM at the highest risk of SCD is a topic that is receiving increasing attention.208,212 Although ICD implantation offers a means to prevent SCD events in these patients, the number of interventions that c...
	Acute coronary syndromes
	Mendelian arrhythmia syndromes (particularly LQTS) have served as paradigms for understanding the role of genetics in the risk of arrhythmia. Accordingly, the approach used for studying the effects of arrhythmogenic SNPs in patients with inherited arr...
	Of particular interest in this study was the way the effects of the SNPs varied over time following the ACS. The significant associations between the three SNPs and SCD/CA occurred at the point of admission, but not at 1 month or 12 months post-ACS. T...
	Reconciling the three SNP studies
	When assessed together, these studies indicate that the risk alleles of certain SNPs affect repolarisation or the risk of SCD, but that the relative influence of the allele depends on the disease type and clinical context. Of relevance to this is the ...
	However, there were three SNPs in different genes that were associated with SCD in multivariable models in the CDCS, demonstrating that SNPs can contribute to clinical risk stratification in patients with acquired cardiovascular disease.


	7.2 Overall strengths and limitations
	Three of the four major pieces of research contained in this thesis included patients from the New Zealand CIDG registry. The patients with LQTS and HCM had not previously been systematically described in terms of outcome, nor had they undergone any g...
	The patients in the CDCS (Chapter 6) were well characterised, resulting in a very comprehensive dataset. Many previous genetic association studies investigating SCD in the setting of coronary artery disease include little or no clinical data in the st...
	During the time period of recruitment for the CDCS the definition of MI has evolved. Troponins were introduced and included for the latter part of this period of recruitment. Since then the definition of MI has been revised,505 and this change in defi...
	A potential overall limitation of the analyses contained in this thesis is that only SNPs with previous associations were assessed for inclusion, possibly reducing the chance for novel findings. However, these SNPs were generally tested in different c...

	7.3 Future implications
	7.3.1 The CIDG Registry and the detection of LQTS
	The Cardiac Inherited Diseases Group and its associated registry have been in operation for 11 years. While it is primarily a clinical tool, the value of the registry for research can only increase as more patients are registered and their associated ...
	Registries that enable the detection of inherited heart diseases are becoming more commonplace, for example the Australian Genetic Heart Disease Registry was established in 2007 (http://www.heartregistry.org.au). As these registries mature and enrol m...
	Whether ECG screening programs, registry-based approaches, or a combination of these becomes the predominant method for detection of LQTS remains to be seen.

	7.3.2 Genetic variants for risk stratification of SCD
	Clinical genetic testing for inherited cardiac conditions such as LQTS and HCM is increasingly being carried out with massively parallel (or “next generation”) sequencing technologies. At present this is usually with a targeted gene panel rather than ...
	In the rapidly-evolving field of massively parallel sequencing, challenges include the need to process and store the vast amount of data that is generated, and ethical discussions around incidental pathogenic findings and the way these findings are co...
	Identifying the relevant SNPs, genes and pathways through genetic association studies is the first step in determining their role in traits and diseases; equally important is the basic research required to understand how these variants affect function...
	Complex statistical approaches might help translate associations into functionality by integrating novel results from GWAS into known gene sets and regulatory networks.508,511 Alternatively there are laboratory-based approaches. For example, a recent ...
	Although whole-genome sequencing will reveal much information about genetic variants, epigenetic and post-transcriptional modification will not be detected with these technologies, providing another layer of complexity.


	7.4 Specific research recommendations
	These recommendations for future research arise following the completion of the studies presented in this thesis.
	 If whole-genome sequencing becomes the predominant method for clinical genetic testing in inherited cardiac diseases, the accumulated data could represent a rich resource for research into the role of genetic modifiers across a variety of disease ty...
	 Future modelling of genetic modifiers could be carried out with induced pluripotent stem cells. For example, disease-specific models of LQT1, LQT2, LQT3 and LQT8 have been created using cardiomyocytes derived from patient samples (skin biopsies or b...
	 With the fields of medicine and genetics progressing at an increasingly fast pace, continuous clinical data collection is preferable to enable research to match clinical practice. This is exemplified by the definition of MI changing since the end of...
	 Future research should incorporate emerging statistical techniques to account for ethnic diversity in large genetic association studies. The SNP analyses reported in this thesis were stratified by ethnicity to reduce the potential for confounding ca...
	 Novel risk markers require prospective validation, so prospective studies will be required to test whether identified SNPs can incrementally improve risk prediction to the point that they change clinical decision making and lead to improved outcomes...
	 The study in Chapter 5 identified a pattern of low amplitude T waves in a large proportion of the patients with HCM. This has not been described before and should be quantified further with precise measurements. These measurements should be taken in...

	7.5 Conclusion
	The data presented within this thesis provides further evidence of the role of genetic variants in the risk of SCD in both inherited and acquired cardiovascular disease, and the potential uses of this information to identify the individuals at highest...
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